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SUMMARY

This contract was directed at an evaluation of the

perfusion canopy concept for thermal suppression. This

corcept ccncerns thermal camouflage which provides for the

perfusion of air through the canopy to enhance convective

coupling tc air temperature. In conjunction with openness

to air passage, the canopy still maintains a complete line-

of-sight block so that the canopy becomes a barrier to

direct view of any part of an object behind it.

By means of air perfusion it was anticipated that

solar load could be dissipated without canopy temperatures

which are in excess of those occurring in the background.

In the same way, the influence of night cooling to the cold

sky was expected to be diminished. Both solar induced

overheating and nighttime overcooling were problems which

have been experienced with insulating blankets used for

thermal camouflage.

More specifially,. the goal of this contract was

to develop and evaluate the perfusion canopy concept for

thermal suppression as a compon.nt of the Modular Multi-

Spectral Camouflage System 1986 (CS-86).

Attention was first directed to defining a

working requirement for what thermal suppression should

be and what thermal loads would be anticipated. This task

was performed independently by Varo, without MEPkDCOM

inputs, in order to establish working definition for eval-.

uation of perfusion canopy performance. The results of

this effort were concurred with by MERADCOM early in the.., . -

program, and are displayed in Addenda 1 and 2. Ve A/ 000V GQP
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Structural analysis was carried out to find the type

of incising which could be used and detenrine factors control-

ling line-of-sight blocking. It was found, in fact, that only

two layers are essential to achieve 100% blocking. Based on

what st.ructural analysis showed, half meter square samples

were prepared for testing. A thermal equation was also se- up

describing th. heat balance in the perfusion canopy.

Testing took placein two phases: preli:2inary radio-

metric temperature tests and then imagiy, tests in whic:h an

actual 8-12 pm imager was used to view the three samples out-

doors under a variety of conditions.

The perfusion screens did cope with solar load so

that they remained within the background rad:.r: variation

whern there was a clear sky. When the clrcd ccvar was high,

yet the sun still was able to strike the 5aiaplas, they were

more likely to rise above the background radian.t variat-.or.

slightly. They were in all day tests much ccoi=r than z ther-

mal blanket section. At night, the perfusion screen' did not

overcool as was the case for thermal blankets.

Some experimentation with a hot p-ate behind the

screens shows that they are indeed thermally opaque (do not

transmit direct infrared energy). A spacing of about six

inches was also found to be sufficient for the test condition

to reduce the influence of the hot plate on screen radiance to

an insignificant level.

The present development and evaluation has indicated,

therefore, that the perfusion canopy concept offers a viable

means to achieve thermal concealment in solar load conditions

and at night when overcooling is a problem for insulative

blankets. It was also concluded that this concept is compa-

tible with implementation of camoullage in other wavelength

regions. Further development was recommended.
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1.0 INTRODUCTION

The purpose of this contract was to develop and

evaluate a new concept for thermal camouflage to assess

its potential for thermal suppression and its applicability

as a component of the Modular Multi-Spectral Camouflage

System 1986 (CS-86). The concept has been called the "per-

fusion screen" or "perfusion canopy". This is an

idea originated at Varo on which a limited amount of testing

had been done, which indicated the likelihood that a per-

fusion screen could respond to both solar loading and night-

time cooling in a manner similar to the behavior of foliage

under the same conditions.

Prior thermal blankets suffer from the disadvantage

of too great a response to radiative effects of the environ-

ment. Because they are large flat type surfaces, both

solar heating in the day and cooling to the cold night sky

are thermal forces which have more than desirable influence

on blankets. Therefore, blankets can become either too

warm or too cold in response to different environments.

The perfusion screen concept is one which is aimed at

increasing convection effects relative to radiative heating

or cooling so that the screen temperature is more strongly

coupled to air temperature, Thus radiative effects are

muted. At the same time, however, the screen must not

allow an observer using a thermal viewer to see directly

through the screen because the hidden object (which the

screen is intended to camouflage) is actually a source

and not merel>, a reflector of light which is the case in the

visual spectrum. If it were not substantially thermally

opaque, the £creen on a hot target would be the thermal

equivalent of lace on a light bulb visually. Radiant energy

would be attenuated somewhat but the leakage would still

be quite adequate to permit detection.

* Patent applied for, serial number 308,134
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The perfusion screen is a type of barrier whicn

orevents a d.rect view of objects behind the screen, yet

is open '_o passage of air through the screen (perfusion

of air). It is this openness of air passage which accounts

.or its tendency to stay at temperatures close to air temp-

erature. Because it is a screen barrier type of camouflage

like the lightweight synthetic screen, it is possiole that

it can be configured to perform visual, near infrared, and

radar camouflage function as the synthetic screen does.

Thus it offers potential to combine in cnieý system, camou-

flage for all anticipated wavebands. That is the goal of

the CS-86 system; thus, this contract was undertaken to

evaluate the concept az a component of the CS-86 system.

The problem of this contract for assessment of the

applicability of the perfusion screen concept to CS-86

was broken into two parts: development and evaluation of

thermal suppression capability of the perfusion screen and

an evaluation of the compatibility of the pertusion screen

to visual, radar, and near infrared concealment tasks.

Most emphasis was placed on thermal suppression capability-

namely to see if this approach can deal effectively with

the problems of solar heating in the day and night sky

overcooling experienced by thermal blankets.

As a first step in thermal suppression assessment,

before any perfusion screen design, evaluation or testing

was done, considerable attention was given to determination

of a working definition of a suppression requirement. It

was to serve as a standard against which to measure thermal

load imposed on the perfusion screen by hot targets over

which the screen may be placed. The load was essentially

taken to be determined, as far as the target is concerned,

by target surface temperatures.

8



Once the requirement and expected thermal load was deter-

mined, a description was submitted to MERADCOM and was approved.

The results are displayed in Addenda 1 & 2.

The design tasX for the perfusion screen was two pronged:

empirical and theoretical. The empirical approach was used in

study of candidate patter:.s of incising and layering of ele-

ments of the perfusion screen because of the deifficulty of

making theoretical predictiuns of bending and expansicn results

for slit sheets and of so determining thermal opacity of combi-

nations. Therefore, small samples of candidate patterns were

prepared and studied.

Theoretical analysis through the development of equations

for the heat balance at an element of a perfusion screen was used

both to aid in understanding the processes controlling tempera-

ture in a perfusion screen, and in piedicting thermal results

for screens when various parameters are vaied and when a given

screen is placed in a different environment from that in Texas-

Testing of sample perfusion screens in small size was per-

formed initially through temperature measurement (blackbody tem-

perature) radiometrically. After those test reslts had been

analyzed, a thermal imager was rented to view the same screen

samples and assess suppression performance more realistically.

2.0 INVESTIGATION

2.1 Requirements for Thermal Suppression and Thermal Load.

The first effort on this contract was to delve into

the matter of forming an operating definition of the thermal

suppression requirement and of thermal load seen by infrared

camouflage. These investigations are detailed in Addenda 1 & 2.

However, a summary of the conclusions from those addenda is given

here.



The most exacz- thermal suppression requirement is the

qualitative one that the equivalent blackbody temperature

of the camouflage fall within the naturally occurring range

of background blackbody temperatures. This may be too

xestrictive in the case of unresolved ta:gets (point sources).

A more quantitative rule of thumb by which to assess

thermal camouflage success is the goal that camouflage

equivalent blackbody temperatures need to be within ±2 to

±7'C of average background, depending on environmental con-

dition.

In regard to thermal patterning, it was decided that

the smallest lobes in an irregular pattern should be on

the order of 20 inches.

Angular coverage for thermal suppression should be the

entire hemisphere strictly, but the analysis suggests that

ter-ain masking may permit lack of thermal suppression in

an angular region one to five degrees above the horizontal.

Thermal load for suppression considerations was regarded

as either the typical target radiance difference with back-

ground (the job facing thermal camouflage), or as a measure

oC the influence of hot targets on tcmeratture of thermal

camouflage. In both cases, target surface temperature

difference with ambient is the key. Rather sparse data

yielded the following working definition of thermal load:

Daytime 30-40 0 C

Night 25-300 C

10



2.2 Material Selection.
Material selection was a necessary part of

this effort but was not given a high priority as far as

determining an optimum material for use with perfusion

screens. The main concern was one of having materials com-

patible with the structural requirements imposed because
of the basic camouflage requirement of line of sight

blockage, or thermal opacity. In fact, paper, due to its

ubiquitousness, was used frequently as a material for

trying out incising patterns. It is also a candidate

material if disposability becomes a requirement.

It is recognized that in future work on the perfusion

screen concept more attention would be needed to select

materials for a number of reasons. Coating requirements

in regard to visual camouflage and resistance faztors of

all sorts (chemical andd cnvironmental such as solar expos-

ure, water, oil,...) as well as cost would be concerns.
If disposability of the screen is determined to be a de-

sireable feature, then of course some trading off of

resistance factors would have to be done against cost. In
addition, durability and strength factors should bt con-

sidered.

Here, however, only the properties of niaterials re-

garding structural forming and to some extent visual ap-

pearance were taken into account. Thus the material which

is presently being used in the synthetic camouflage nets,

a coated cloth, was experimented with because it already

had the required visual coloration and so would approximate

the expected scolar absorption characteristics of the per-

fusion screen as it should be made.

11



It was noted in experimentation with different slit

dimensions that this camouflage cloth behaved differently.

Other materials experimented with were spunbonded polyolefin

(paper-like plastic), polyester film, and Kraft paper already

incised for a CIfferent purpose.

Polyester film is an interesting material because it

has the property of taking a heat set. When deformed after

once being set, it will spring back to the heat-set posi-

tion when mechanical deformation force is released. It is,

however, a fairly brittle material subject to tearing. In

this application (sheet subdivided into a multiplicity of

slitsý every slit offers a potential tear spot. In spite
of this disadvantage, polyester might still be considered
for reusable camouflage because of its springiness and heat-
setability. A polyester perfusion canopy set in the ex-

panded state could probably be flattened and rolled up for

compact storage. Then when next needed, it would auto-

matically open properly when unrolled.

Spunbonded polyolefin material was chosen for making

the test perfusion canopies for several reasons. It was

available, it was readily slit, and the slits resisted

tearing. It was also paintable and water resistant.

Therefore, it served acceptably at the concept evaluation

stage for testing perfusion canopy samples.

For coating the materials which were rot already

colored, a forest green paint described in MIL-E-52798A (ME)

was picked. This paint was designed for infrared as well

as visual reflectance. It is a dark appearing paint and it

was selected because it probably affords a maximum solar

absorptance which was regarded as a worst case for the per-

fusion screen thermal performance in the daytime.

12



2.3 Structural Analysis.

The purpose of structural analysis was to investi-

gate methods of creating a line of sight barrier without

preventing air flow through the screen. Exploration was

made in the area of slit patterns first, trying to dic-over

if there was any preferred geometry of slitting which would

result in good blocking in conjunction with another sheet or

sheets. It was also desired that the number of layers of

slit expanded sheets be reduced to a minimum for reasons

of costs, weight, complexity, handling and storage volume.

Since it was recognized at first thdt the theoretical

treatment of slit sheet expansion, especially for curved

slitting, would be intractible, the approach taken was to

devise .littinq designs and actually make paper samples of

these patterns to physically examine the form of the slit

openings when the sheet was opened. About nine different

types of curved incising patterns were experimented with

by preparing paper samples and trying out the expansion

properties. Figures 1 through 3 show these patterns.

3 mong these are some which can be expanded by force

along any line of e-Quansion (Figure 2). That is because

of the interlocki.ng nature of the slit patterns on that

figure.. They seemed to afford easy expansion but not in

an easily controllable way which would allow layer-to-

layer registration. As both straight and curved slit

patterns were experimented with, however, it became ap-

parent that making the slits curved was not producing any

advantage over a straight slit pattern in regard to line of

sight blockage when patterns were layered together. Blocking,

in fact, appeared to be more uncertain for the curved in-

cising patterns than for the straight ones for the same

number of layers. The straight slit pattern also had the

13
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Figure 1. Slit Patterns
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Figure 2. Slit Patterns
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advantage of easier producibility, thus curved patterns

were abandoned in favor of straight.

Figure 4 shows some of the straight patterns tried.

In that figure, significant dimensions s, w, and d are

defined. As these patterns were tried, it was noted that

the ratio of s/d seemed to correlate with the stiffness of

an expanded layer. For paper the ratio which %as judged to

afford the best stiffness for controllable slit openings

(so that layers could be registered to create full blockage),
was that for Figure 4 (b), s/d = 2. Two other factors

which affect stiffness are material properties and the size

of a slit pattern relative to material thickness. However,
it was thought that a slit pattern dimension about like that

in Figure 4 (b) would be suitable for a perfusion screen.

Since paper-like material may be used, this geometry was

selcctcd. It was possible to align just two layers of this

pattern so that no angle of observation would permit seeing
through the layers yet sufficient openness was available

to permit air passage.

A pattern such as that in Figure 4 (d) gives the

impression of much greater springiness (less force to expand

it); and it can also be registered to attain total blockage,

but doing so was found to be more difficult than for pat-

tern (b).

2.3.1 Slit Geometry Considerations.
The stiaight slit geometry for an expanded

sheet has been examined to determine open area for per-

fusion of air and for blocking effects with a pair of

expanded sheets. Figure 5 (a) shows the slit pattern in a

flat sheet and 5 (b) 9ives th'e appearance of an expanded

sheet isometrically. In Figure 5 (a) patterning defining
dimensions w, s, and d are shown.

17
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Figure 4. Straight Slit Patterns 2196
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(a) FLAT PATTERN
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(b) EXPANDED SHEET

Figure S. Geometry of Expanded Sheet with Straight Slitting
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A side view of an expanded sheet is given in Figure

6 look-..g in a direction parallel to slit rows. The height

of slit openings, h, depends on the expansion ratio R, defined

as the expanded length divided by the unexpanded length.

This ratio can be written using Figure 6 as

R = D/(2d) = 1/cos 0 (1)

One of the geometric aspects of an expanded sheet which is

of interest from a perfusion flow standpoint is the open

area ratio-i.e. the area of all the slit openings in an

expanded sheet divided by the area of the expanded sheet.

When the sheet is viewed from the direction of the arrows

A-A in Figure 6, what is seen is a totally clear area

obscured only by the edges of the material in a hexagonal

pattern like chickenwire. This is the projected area of

the sheet in that direction which is in the ratio h/D = sin 0

to the total sheet area - i.e. the open area ratio is sin 8

(iqnorinq for the moment any obscuration from the edges of

the material). Combining this result with (1), the open

ratio can be expressed as

A0 = sin cos-l(l/R)j (2)

Figure 7 is a gratzh of the variation of open area

ratio with the amount of expansion of a slit sheet. It is

of interest to note that the expansion alone controls the

open area ratio and not the relation between slit dimensions.

There is a small contribution to obscuration of the

open area due to the edge area of slit openings. Figure -8

shows the appearance of an expanded sheet as viewed from the

opening direction. The obscuration is approximated by the

following development.

20
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Figure 6. Side View of Expanded Sheet in a Direction Parallel to Slit Rows
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Figure 7. Variation of Open Area Ratio with Expansion
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It is the number of slits in an expanded sheet and the

are:a of each slit which determines the total edge area in

the open area of Figure 8. If M is the width of a flat

incised sheet (in a direction parallel to slit rows),

then the number of slits in a row is M/(s + w) (s is slit

width and w is space between slits). Similarly the number

of slit rows is the length N of the unexpanded sheet in a

direction perpendicular to slit rows divided by the row

spacing, d, or N/d. Thus the total number of slits in a

sheet before expansion is MN/d(s + w)). If the material

thickness is "u", then the edge area of one slit effective

in obscuring the open area in Figure 8 is s-u. Therefore,

the total slit edge area is

A MN su 3)

d(s + w)

The area of the expanded sheet actually does not greatly

change due to expansion, as Figure 7 suggests. Not much

expansion is experienced by a sheet before significant open

area is crealpd by slit opening. Further as a sheet is

expanded in length, there is some compensating contraction

in width as slits pop up so that the area of a sheet after

expansion may be simplified for this obscuration analysis

as just MN, the flat area. Thus the edge obscuration of tLe

open area seen in Figure 8 is

E = su (4)
d(s + w)

where: s = slit length

u = material thickness

d = slit row spacing

w = spacing between slits on a row

23
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Figure 8. Expande! Sheet Geometry - Edge View
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Some typical values for edge obscuration E are

Slit Material Slit Row Space Between
Length Thickness Separation Slits

E s u d w
cm cm cm cm

.08 .4 .02 .2 .13

.03 1 .02 .5 .33

.02 2 .02 1 .66

.01 4 .02 2 1.33

Thus edge obscuration is not significant in many cases.

Only for small slitting and relatively thick material for

the slit dimensions does edge obscuration become significant.

It was found in the course of experimentation with slit

sheets that two expanded layers could be registered so that

100% blockage was achieved; however, for some degree of

expansion 100% blockage is no longer possible. Maximum

expansion is desirable for reasons of maximizing the air

perfusion through the screen. Therefore, it was decided to

examine the relationship of blocking and expansion angle

as two sheets are placed together with openings oriented in

opposite directions.

Figure 9 shows a side view of two such sheets which

are each opened too far su that a direct line-of-sight (LOS)

is allowed through the screen. To prevent this, the di-

mension labeled "c" in the figure must equal or exceed slit row

spacing, d. At the angJe of the sheets at which c=d, the slit

openings have moved just to the point where no direct LOS is

available through "he pair. That defines the maximum angle

o for the sheets and consequently the maximum expansion ;atio,

from eqiation (1).

25
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Figure 9. Geometry for Two Sheets Forming a Pcrftasion Screen-
Excess Expansion Illustrated
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Dimension c can be expressed as (a + d)cos 2e. For maximum

angle, c must equal d,

(a + d)cos 20 m d .(5)max

Because of the symmetry cf the two sheets, the ratio of a

to b (subdividing d) is from the small triangle in Figure 9,

a - cos 20 (6)
b

Also trivially

a + b d (7)

The simultaneous solution of (5), (6), and (7) yields

a/d = (/2- 1)

0 = 22.5 degreesmax

From equation (1) the maximum expansion ratio is then ob-

tainable as

R =1.08max

Thus beyond 8% expansion the two layer sheet can be expected

to fail to provide 100% line-of-sight blockage. The maxi-

mum open area then can also be found to be 0.38 from (2).

This means that a two layer screen can be expanded to

almost 40% open area before it starts to leak and permit an

observer to look through it. Good air perfusion should,

27



therefore, be achievable for such a two layer screen without

losing 100% blockage provided layer to layer registration is

maintainable. Care in expansion will be necessary because

of the sensitivity of openness to expansion (8% expansion

is the limit).

2.4 Tests of the Perfusion Screen.

Testing done on the perfusion screen was restr-icted

to the assessment of thermal performance because thermal

suppression was the basic thrust of this contract. Visual,

near IR and radar performance were not asse•sed. Two modes

of testing were conducted to evaluate thermal performance.

Initial tests were done measuring radiometric temperatures.

Later a thermal imager was also used to check radiance dif-

ferences between samples and background. In both cases,

the perfusion screen was tested in the form of half meter

square samples mounted in stretcher frames.

Samples were prepared using spunbonded polyolefin

paper about 0.010 inch thick which was slit with the

straight pattern of Figure 5(a) in which slit length, s, was

twice slit row separation, d, and the slit separation on a

row,. w, was 1/3 of slit length. That geometry was chosen

because it seemed to afford good line of sight blocking and

reasonable stiffness in the expanded form to retain the

slit opening shapes.

Three sizes of slit sheeting were prepared with

slit row separations of .5 cm, 1 cm, and 2 cm. These

sheets were then spray painted with a forest green paint

made according to MIL-E-52798A(ME) (type II), on both

sides. This paint is intended to exhibit near IR reflec-

tance similar to foliage.
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After rainting, the sheets were joined in pairs

registered as the side view in Figure 9 suggests. That was

to create the desired 100% line of sight blockage. The

three such samples (2 layers each) were supported in stretcher

frames adjusted to get the right amount of expansion.

2.4.1 Radiometric temperature testing.

Radiometric temperature testing was conducted

with a hand-held radiometric thermometer, making note of per-

fusion screen sample temperatures and background tempera-

tures. There were two basic objectives: (1) to assess

thermal response of the perfusion screen to solar load and

sky cooling in comparison to the background, and (2) to

note differences in that response between the three dif-

ferent sizes of incising (.5 cm, 1 cm, and 2 cm) which

might suggest an optimum dimension. In these tests, the

three samples were situated on dry brown grass (about 2-5

inches high) in a field adjacent to the Integrated Systems
Division of Varo in Garland, T'-as. Figure 10 shows three

samples in a typical test. Near this location (within a

distance of about 10 meters) were patches of tall, dry

grass (about 3 feet high) and bare soil, and some hardy

winter grass which was green (about 3 inches high).

Measurements which were made during these tests

hincluded:

solar irradiance

wind speed

perfusion screen temperature

air temperature

background temoerature3

reference temperatures
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Solar irradiance was measured with a simple silicon cell

instrument, the Dodge Products model 776 solar meter seen

on the stretcherframe of the center sample seen in Figure 10.

Wind 3peed was measured with two instruments. One is the

Data,"tetrics VT100 hot wire anemometer most useful in low

wind speed conditions down to 10 cm/sec. The other was a

Taylor anemometer number 3132, a vane type instrument which

averages the wind over the time chosen by the user.

One of the difficulties observed with the measure-

ment of wind speed was that it varies widely in seconds.

The response of the perfusion screen is also on the order
of 5 to 40 seconds estimated from noting the change in

temperature from sunlit to shaded condition. Therefore,

the averaging feature of the Taylor instrument was helpful

in smoothing data.

A second difficulty arose from the variability

of wind direction. Both the Taylor and Datametrics instru-

ments are sensitive to wind direction with respect to the

facing direction of the instrument. To solve this problem,

a wind vane was prepared on which to mount the Taylor

1ristY.urc-nt so that it would always face into the wind as

de5ir.;d. Figure 11 is a photograph of the Taylor anemometer

mounted on this wind vane.

The key instrument for making radiometric temper-

ature measurements was the Raytek model R2LT non-contact

thermometer. It senses radiant power in the 8 to 12 micron

waveband and converts this power into a temperature, based

on the emissivity setting of the instrument. All test

measurements were made with the emissivity setting at 1.00

so that equivalent blackbody radioinetric temperatures would

be read. Appendix A discusses a correction made when using
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RADIOMETRIC
THERMOMETER
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2cm SLIT WIDTH
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Figure 10. Samples for Radiometric Temperature Testing at
the Test Site
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Figure 11. Wind Vane for Wind Speed Measurement
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the R2LT fcr measuring screen temperature to take into

account the fact that the instrument makes no discrimina-

tion of power emitted by the surface at which it is aimed

from power reflected by that surface. The procedure in

Appendix A permits getting actual temperature data for model

calculations from radiometric temperatures. Sensing the

combined effect of emitted and reflected power is precisely

what thermal imagers do as well. Therefore, the R2LT gives

a measure of the total power emanating from objects at

which it is aimed in the form of radiometric temperatures.

This permits an assessment of perfusion screen radiant

difference with background as desired in a realistic way.

The R2LT was also used to make a radiometric

assessment of air temperature by poin..ing it at specially

prepared vanes forced to air temperature by drawing air

through them rapidly. This radiometric reference tempera-

ture measurement is presented in Appendix B.

Another reference tempeidture needed for the

-hermal model of the perfusion screen is effective sky

Isemperature. What was actually measured was the radiometric

temperature of a white insulation pad laid on the ground

and shaded. This temperature along with other measured

varameteru permitted a calculation of effective sky black-

body temperature. That procedure is presented in Appendix

C.

2.4.1.1 Results of radiometric temperature testing.

Figures 12 and 13 summarize field test

measurements of radiometric blackbody temperature for the

perfusion canopy samples and items in the background.

Heavy bars correspond to radiometric temperatures for

1 camouflage samples and lighter bars are for background items.
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End points of the bars are max and min values. The inter-

mediate line on each bar is the average radiometric temper-

ature for that bar. In some cases there was only one measure-

ment and that is shown as a single line.

Tests in January were done with only two samples

of the perfusion screen. Later, to more fully explore the

effect of dimension, another sample was added with 2 cm

slit row separation. That was done because the earlier

tests did not show expected differentiation between .5 and

1 cm row separation screens.

The January 20, 1982 test shows that the two

screens tested were about a degree Celcius warmer than

short brown grass and about the same as the single measure-

ment of tall brown grass. On January 26, 1982, the results

were that the samples were thermally situated between

short brown grass and tall brown grass. This was in a

clear sky condition whereas the 1/20 test was under a fully

overcast sky. On February 1, 1982, when three samples

were used, the 1 cm and 2 cm samples were just about an

exact match with grass (1, 2, 8) and bare soil (3). This

was again a clear day although the solar load was low.

On the 2/16 test all samples averaged within half

a degree C of each other and fell nicely in between the

background measurements. The 2/19 test shows test samples

also within background. Note again the condition was

low solar and low cloud cover.

A night test was run on 2/19. Figure 13 shows

that perfusion screen temperatures were very close to those

for dry brown grass. They were a little cooler than bare

soil or leafy vegetation.
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On this night also the first experintentation

with a hot plate in an outdoor test was conducted. The I cm

sample was placed over a 6 inch square hot plate with a sep-

aration of about 6 inches between the hot plate and the test

screen. The hot plate was 241C warmer than air. The test

screen temperature rose about 2°C due to this heat source

in slowly moving air (velocity 50 cm/sec) coming to a temper-

atura nearly the same as bare soil with temperatures between

a legustrum bush (green leaves) and short brown grass.

Radiometric air temperature measurement with

the fan vanes, also shown on the figure for the night

test, shows that the perfusion screen samples were about

4 to 5 degrees C cooler than air. (See Appendix B for a

discussion of the fan vanes).

2.4.1.2 Conclusions from radiometric temperature tests.

This set of results indicates good performance

for the screens. Average screen temperatures were within

the background variation for the conditions under whi.ch tests

were made. There seems to be a trend that clear sky con-

ditions cause the perfusion screens to fit into the back-

ground temperature variation better. Despite the very low

solar load (6mW/cm 2 or less) the overcast condition on

1/20/82 (Figure 12) shows a tendency for the screens to

rise to the top end of the background variation. However,

background data were sparse for that test; so all that

can be said is it suggests the possibility of overcast

condition upward influence on screen temperature.

One of the objectives of using three samples

of perfusion screen was to evaluate the effect of slit

dimension. It was anticipated that the smallest size of
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slit (all were proportionally cut) would produce the

greatest convective coupling to air temperature. There is

a slight indication from these tests that the smallest slit

dimension (0.5 cm row spacing) was warmer than other

samples. That would show less convective coupling overall.

The details of analyzing what was taking place

thermally will be addressed in section 2.5.3.3. There a
"perfusion factor" is introduced which attempts to allow

for a change in the degree of openness to air flow through

the screen (perfusion) with significant length.

Nevertheless, it may be concluded thac the antic-

ipated variation of screen temperature with dime-nsion is not

supported by these tests.

These data would suggest that perhaps the 2 cm

slit dimension performed slightly better than the other

two. In addition the 2 cm perfusion sczeen is easier to

make.

2.4.2 Imaging tests.

Following the initial test series done only

with the radiometric temperature instrument, , commercial

thermal imager was rented for imaging testing. The instru-

ment used was the Inframetrics model 525 thermdl imager

operating in the 8-12 micrometer range. Detailed specifi-

rations on the imager afe given in Appendix E. The system

is, however, compatible with video recording which was

tha method of documentation u~ed.

38



Actual intaging of the screens provided data more

closely related to what would be experienced in an actual

thermal camouflage situation. It in effect provides many

radiant measurements very quickly so that temporal and

areal effects can be observed. Among temporal effects

which can be seen are radiance shifts due to intermittent

sun (clouds passing over) and wind speed changes. Areal

effects such as mottling and on a larger scale, differences

in the ambient (from grass to bush to bare soil) are siniul-

taneously available because of the 30 hz frame rate. One

of the matters which it was thought the image tests could

determine was what differences there are in performance of

the three different dimensions of perfusion screen. When

separate measurements must be made as with the radiometric

thermometer, the chant in wind and sun between readings

obscures effects due to screen dimension. The imager thus

offered a better tool with which to examine the screen

differences thermally at the same time for the prevailing

ambient conditions.

2.4.2.1 Imaging tests description.

Imaging tests were conducted at the same

general location as the temperature test.; - on a grassy

area north of te Integrated Systems Division of Varo in

Garland, Texas. The same samples were used (slit lengths

of 1, 2, and 4 cm).

As an aid to evaluating background temper-

atures, a section of grass adjacent to the position of the

perfusion screens was removed to leave bare soil about one

day prior to the fir-t test. That area was roughly the

same size as one test screen. The imager was positioned

some 10 meters from the row of perfusion screens and the

associated environmental equipment set up nearby.
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While imagery was taken solar load and wind

(average for 15 seconds normally)were also measured. In

addition, a set of temperature measurements on the screens

and background were made in the same way as radiomet ic tem-

perature testing.

While imagery was being video tape recorded,

audio dubbing was put on to explain what was happening.

Various other materials were also used for

comparison with the screen samples. In particular, the for-

mer thermal blanket was used. It consisted of three each 1/4

inch thick polyolefin foam insulating layers inside an olive

drab ripstop cover (polyurethane olive drab coloring on the

ripstop). It was of interest because of its former applica-

tion to thermal camouflage and the attendant problems it ex-

perienced in solar overheating and nighttime overcooling.

Since the visual net is widely used, it was thought desirable

to test, along with the perfusion screens on occasion, a

section of visua3. screen next to the screen samples.

2.4.2.2 Imaging Test Results

Results of imaging tests are shown in photos

from the video monitor of recorded imagery.

Figures 14-17 are images from the night test

on 3/18/82. Figures 14 and 15 show the appearance of the

three test screens and some background items. Two containers

were placed behind the samples with branches from a pyra--

cantha bush and a cedar tree in them. They are visible in

Figure 15. The patch of bare soil is just left of screen 1

(slit width of lcm) in Figure 14. The screens appear to have

radiance levels about the same as the two foliage branches

which is regarded as a good result. No overcoolinq due to

the influence of cold sky was seen for the perfusion screens.
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BAO'E SOIL WIND VANE

HOT PLATE

Figure 14. Night Imagery - 19.55 on 3/18/82

PYRACANTHA, 19 0 C 190 C CEDAR, 230 C

rFAN VANES -

HOT PLATEg 600C

•,,.,, -• •VARIA

2205

Figure 15. Night Imagery - 20;21 on 3/18/82
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21 oC 20°C 220 C

3/18/82
20:45

HOT PLATE
520C

Figure 16. Night Imagery - 20:45 on 3/18/82 with Screen 2
Over a Hot Plate

HOT PLATE BEHtIND
AT 50 0 C

- .3/18/82
-•, 20:57

2207

Figure 17. Night Imagery with 2cm Slit Width Perfusion
Screen Vertical in Front of Hot Plate
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The white object in 14 is a 6 inch square hot

plate which was placed under screen 2 about 6 minutes before

the video taping of imagery in Figure 16 was made. This was

done to experiment with the offect of convective heating which

might present a problem to the screen, since it is designed

to be penetrated by air flow and to assure blocking of direct

view thermally. The figure shows no damaging effect in this

case. Air gap between the screen and the hot plate was about

4 inches.

Because the influence of cooling to the sky

was expected to be strong, there was some curiosity about the

effect of diminishing sky cooling by placing the screens in

a vertical orientation. This was done for screen samples 1

and 2 which are seen in Figure 17 with the fan vanes in be-

tween.

In addition, the hot plate was moved to a

vertical position about 4 inches behind the center of screen

number 2 (on the right side in the figure). Radiometric

blackbody temperature of the hot plate was 50 0 C. - about 280C

warmer than air temperature. The wind was blowing generally

from the camera site towards the samples so that it would

tend to carry heat from the hot plate away from the screen.

Only a very slight effect is observable due to the presence

of the hot plate.

Radiometric blackbody temperatures which were

meas:ired during the course of the night imaging are presented

in Fiqn.re 18 in the form of bar graphs. As in similar bar

graphs for the temperature tests, the total excursion is

given for each item and the average temperature shown as a
hiorizontail lirie in each bar.

There was little difference among the screen

samples and p•:rticularly none was too cold (colder than the
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Figure 18. Radiometric Blackbody Temperatures of Perfusion
Screen Samples and Background on 3/1 8/82 at Night
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background). They were close to the temperature of short

brown grass. Though not in the imagery, the thermal blanket

was colder that the background by a small amount.

In Figures 19 and 20 are results of imaging in

a high solar load and high cloud cover condition. That results

in screen temperatures elevated over that of background grass,

but closer to that of bare soil which also responded to the

solar heating. Bare soil shows in Figure 19 at the left side.

This condition is probably a worst case for heating of the

screens because it minimizes sky cooling due to the presence

of clouds which are much warmer than a clear sky while rifts

in clouds can still permit high solar load to fall on the

screens. In this condition, therefore, the screens do tend

to warm up though not nearly to the extent that the thermal

blanket does. In Figure 20, the thermal blanket radiometric

blackbody temperature was measured at about 52WC - some 180C

hotter than the screens.

Figures 21-23 are a set demonstrating the im-

provement 'n screen performance in high cloud cover when the

solar load goes from high to low. Figure 21 shows the visual

appearance of the samples,and foliage in containers just be-

hind them. Figure 22 shows the two screens (3 and 2cm slit

width) in a solar load of about 60 mW/cm2 and about 80% cloud

cover. When the solar load fell to about 30 mW/cm2 (due to a

cloud blocking the sun) temperatures of the screens fell to

levels closer to that of grass and lower than bare soil (white

patch left of screen sample 1 in Figure 23).

Bar graphs of radiometric blackbody temperatures mea-

sured during 3/17/82 daytime testing are given in Figure 24.

The length of the screen bars shows the variation with fluc-

tuating solar load as clouds blocked the sun. Average tem-

peratures of the samples are shown there to be close to bare

soil and the concrete tiece. Green vegetation (cedar, py-

racantha, and green grass) all had iLemperatures close to that

of the fan vanes. That, in turn, is a representation of
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BARE SOIL. 410 C 430 C

3/17/82
1:47 PM
SUN 57mW/cm

2

CLOUD CO'E R 80%

WIND 65 cm/sec AVG

Figure 19. Day Imagery - High Solar, High Cloud Cover.
Screen 1 and Bare Soil

340 C 520 C

3/17/82
"- 1:55 PM
SUN 62 mW/cm

2

CLOUD COVER -80%

Figure 20. Day Imagery - High Solar, High Cloud Cover. 2209

Screen 4 and Blanket
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2210

Figure 21. Visual Photograph of Test Items on 3/17/82
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3/17/82
" 1:50 PM

SUN - 59 mW/cm
2

CLOUD COVER -80%

Figure 22. Day Imagery - High Solar, High Cloud Cover

Screens and 2

3/17/82
-2:10 PM

SUN -30 mW/cm 
2

CLOUD COVER~o 86%

221 1

Figure 23. Day Imagery - Low Solar, High Cloud Cover
Bare Soil, Screens I and 2
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radiometric air temperature since the fan vanes were forced to

air temperature by the electric fan drawing air through them.

The relative coolness of the green vegetation is attributed

to transpiration.

Again, the thermal blanket is clearly outside

the temperature range of the background objects which were

measured in this test.

Figures 25-27 correspond to low cloud cover

conditions. The visual photograph in Figure 25 is to show the

relative positions of samples and background folicge. Note

as well that there is a section of visual camouflage screen

(spring and summer side up) placed between samples 1 and 2

with the fan vanes in front of it.

Figure 26 shows some morning imagery in which the

screen samples 1, 2 and 4 were warmer than the average back-

ground. There were some areas of background, however, which

show as warm as the perfusion screens or warmer. The contrast

or level control should actually have been set lower to get bet-

ter dynamic range and allow the warmer background objects to

show without saturation. Apparently the saturation level was

high enough in the case of the thermal blanket that there was

some blooming around it. Thus it was the warmest object in

the field-of-view. In this instance, the visual screen was cool.

Now, in the early afternoon on 4/5/82, when

solar load was the highest measured during testing, but there

was insignificant cloud cover, :'he perfusion screen samples

in Figure 27 are satisfactorily within background variation in

the picture. This was green and brown grass.

Thus with the help of radiation cooling to the

clear sky, the perfusion screen samples appear to be able to

cope with a high solar load satisfactorily. The visual screen

in this condition also appears about the same as the perfusion
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Figure 25. Visual Photograph for 4/5/82 Testing

4/5/82
8:42 AM
CLEAR SKY

Figure 26. Morning Imagery - Low Cloud Cover 2Z13
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4/5/62
"" 1:5 ) PM
SUN 85 mW/cm

2

CLOUD COVER -5%
WIND 245 cm/sec AVG

290 C 34CC 410C 290C 2214

Figure 27. Day Imagery - High Solar, Low Cloud Cover
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screen. Once again the thermal blanket was excessively warm.

Figure 28 is another bar graph of the clear

sky cordition testing. It verifies the performance noted

from imagery. The perfusion screens were at about the tem-

perature of short, brown grass as was the visual screen. Green

vegetation was at the lower range of background variation and

the thermal blanket riding above everything.

Figures 29 and 30 are imagery taken of a verti-

cal perfusion screen with a hot plate behind it. In the second

of these two figures (Figure 30), a surface garnishment has

been added. Garnishing was paper material which was incised

with about a 1.8mm slit row separation expanded and then re-

incised with the visual incising pattern (interlocking curves),

forming a lacy garnishment. Figure 31 is a photograph of the

screen with this garnishment on it.

2.4.2.3 Imaging Tests Conclusions

The tests demonstrated that there is a ma .. ed

improvement in thermal perfor-ance for the perfusion screen

samples as compared to the thermal blanket which did overheat

in so-ar load. The screens were definitely cooler. However,

in some environmental conditions, the perfusion screens tended

to rise in radiometric blackbody temperature toward the upper

end ot background objects (tare soil, concrete piece). That

may not be suitable in some instances (in which bare soil or

rocky areas are absent and those conditions exist). The severe

condition is a high solar load and at the same time high cloud

cover. Interestingly though, even in high solar load condi-

tion if the sky is clear, perfusion screens appeared to cope

with the solar heat adequately (radiometric temperatures

within the background variation).

53



UU

45- __ 4/5/82 (DAY TEST) -___________

____ ___ ____ ___ ___ _ __ _ _ _ __ ___ _ -I--

dl_

q~ q__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4- SAMAPLES _ ___ ____BACKGROUND ___-

w 30A "

LU -*----

le 25

"4 3 - - - - - -- - I--__

LU

a. o_____ ___
771 ___AR__-7 mWc2

3. 0LEAR K

WI ~ND- 22 mse V
15- -

444
_ _ 0 _ _ __

25--~ ~ -r -_______

___ __ ___A__ SOLAR 70-70mW/cm2

___ ____ ___. CLEAR SKY-

4 15 _______________________ _________ WIND 224 cm/sac AVG

221

figure 28. Radiometric Blackbody Temperatures of Perfusion
Screen Samples and Background on 4/5/82 in the Day
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415/02
2:45

NOT PLATE 5 IN
BEHIND

Figure 29. Day Imagery - Vertical Perfusion Screeai

4/18/2
2:56 PM
SUN 70mW/CM

2

Figure 30. Day Imagvery - Garnishment on Vertic~fl Perfusion Screen
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Figure 3 1. Vertical Perfusion Screen with Double-incised Garnishment Added - Two Layers
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When high cloud cover exists and the sun is

blocked, the initial results suggest that there will be no

particular problem for the screens in overheating.

The single night test on 3/18/82 did not indi-

cate any problem with overcooling at all. The screens all

performed well. They appeared to blend reasonably with the

test background.

Orientation of the perfusion screens was

looked at briefly by placing screens vertically on several

tests. No striking effects or differences were noted from

the predominantly horizontal placement of screens because of

moving them to the vertical.

Experimentation with a hot plate under or be-

hind a screen showed no direct infrared transmission indica-

ting the materials were absorbing and that there were no

holes for direct line-of-sight to the hot plate from the ther-

mal camera. Such direct view was, of course, observed with

the visual screen placed in front of the hot plate. In addi-

tion, perfusion screen heating due to proximity of the hot

plate was not noticeable when the spacing from hot plate to

screen was 6 inches. Even at 4 inch separation, the effect

was just discernable (see figure 16). This suggests that the

perfusion screen may not have to be emplaced at large separa-

tions from targets which it is designed to conceal.

The experimentation with surface garnishment

did show potential for generation of thermal mottling in this

way. Further, there was some indication that such garnish-

ment could alleviate to some extent, heating due to solar load

if that were deemed necessary.

Finally, one matter which was addressable with

imaging tests, was differentiation between different per fu-

sion screen dimensions to note optimum. The imaging tests did
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not show thermal differences between the 1, 2 and 4cm slit

width screens which were regarded as significant. Therefore,

unless later testing does point up a difference, the present

indication is that other factors than thermal performance can

be used to make selection of slit dimension. Since the 2cm

slit width screen is easier to make, it may be the choice.

2.5 Thermal Equations for the Perfusion Screen

2.5.1 Heat Balance Equation

The temperature of thermal camouflage is sta-

bilized when the net heat input is equal to the net heat out-

put. The potential sources of heat input are solar irradiance,

thermal radiation from the sky, and thermal radiation from the

ground. The heat output results from thermal radiation to

the sky, thermal radiation to the ground, and forced convec-

tion heat exchange with the air. Free convection is not con-

sidered in the model because ouLdoor conditions are expected to

produce forced convection almost exclusively.

Solar heat input depends on the absorptance at

the camouflage surface. We assume that solar energy is not

transmitted through the camouflage material and that the radia-

tion which is not absorbed is reflected. In addition, the cam-

ouflage long wave (thermal) transmittance is assumed to be zero.

Under this assumption, the thermal radiation from the sky and

ground which is not absorbed by the camouflage, is reflected.

It combines with the emitted energy leaving the canopy.

The model also assumes that solar and thermal

energy leaving the camouflage is not reflected back to the cam-

ouflage.

With the above assumptions, the heat balance

equation is
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otH +ot qfs+ at qfg = ts + qtg + qc,a (8)

where a = solar absorptance

•t = thermal absorptance (>2 pm)

H solar irradiance

q fs = thermal radiation from sky

qfg = thermal radiation from ground

q = thermal radiation toward sky

qtg = thermal radiation toward ground

qc = convection heat loss from camouflage

2.5.2 Radiation Terms

Radiation terms in equation (8) can be written

as the product of Stefan-Boltzmann constant, a, and the

fourth power of blackbody temperature,

qfs = Tsbb (9)

qts qtg = Tcbb (10)

/ 4
qfg a Tgbb (11)

where:

Tsbb = sky blackbody temperature

Tcbb = camouflage blackbody temperature

T' = radiometric blackbody temperature of
gbb the ground

The last term, qfg, is assumed to include power

reflected from the ground as well as that emitted by the ground.

For that reason the prime is inserted on the temperature. It

is convenient to note that a radiometric blackbody temperature
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measurement of the ground yields just this temperature. A

radiometric thermometer simply computes an equivalent target

temperature which would have produced the effect of the com-

bined emitted and reflected power at the instrument. In sub-

sequent discussion, the term "radiometric blackbody temperature"

will be used to mean such temperatures measured with a radio-

metric thermometer with emissivity set to one. These tempera-

tures will be higher than blackbody temperature (corresponding

to emitted power only) by an amount depending on the strength

of reflected radiation. Appendix A addresses this point.

2.5.3 Convection Term

The procedure for developing the convection

term in the following will be ffirst to present the idealized

convection equation. This expression is then modified, by

introducing an empirical parameter to account for heat trans-

fer by forced convection through the incised openings in the

perfusion canopy.

2.5.3.1 Idealized Convection Equations

The convection heat transfer term is
- 2h (T - T ) (12)

qcacam air

whcrc:

Tair actual air temperature

h = heat transfer coefficient

The factor of two arises because there is con-

vection on both the top and bottom sides of the perfusion

screen slit elements. In terms of free stream. air velocity,

V, and the significant length, L, over which convection occurs,

h is given by
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h = K FL (13)

In Equation 13, Kc is defined to be the "forced

convection factor". K is evaluated using the theoreticalc
model for parallel air flow over a flat plate at constant

temperature (Ref 1). This approach is taken in order to sepa-

rate out the free stream air velocity, and the significant

length, which depends on the physical size and geometrical

shape of the incised pattern in the perfusion canopy. The

idealized convection equation is therefore

= 2K (T T a (14)
qc,a c (cam air

In order to determine K , we use the theore-
c

tical result from Ref. 1, equation 7, for forced convection

from a plate having a uniform surface temperature.

- 0.6 (15)

where Nu is the Nusselt number and Re is the Reynolds number.

Nu and Re are non-dimensional quantities defined as

Nu = hL/k

Re = VLp/p

where k = thermal conductivity of air

P = density of air

= dynamic viscosity of air
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Substitution into Equation 15 and solving for h gives

h = 0.6k V (16)

Comparing Equation 16 with Equation 13, we have

K = 0.6 k,-- (17)

Measured values for the parameters k, p and p are in

Table A-5 of Reference 2. At a temperature of 300K

k = 0.02624 W/m-K

p = 1.1774 kg/M 3

= 1.983 x 10-5 kg/m-sec

Substitution into _quation 17 gives

K = 0.39 mWVs-e /cm 2 K
c

At a temperature of 350K, K increases by only 2%. It is as-
c

sumed, therefore, that K is independent of temperature for
c

the temperature ranges anticipated in this study.

Note from Equation 14 that for convective cooling (when Tair

is less than T c), qc'a is positive and for convective heat-

ing (when Tair is greater than Ta) n c,a is negative.
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2.5.3.2 Determination of Significant Length

The significant length is the physical dimen-
sion over which convective heat transfer takes place. The

geometrical shape and physical size of the incising pattern

in the perfusion screen control the significant length. The

incised pattern which is the repeated unit in the perfusion
screen studied in this report, is pictured in Figure 32. The

length d is the reference dimension and the three incised

patterns prepared for this study have the same relative di-

mensionz shown in Figure 32. The significant lenjLh is a
weighted mean length, defined by (Ref. 1).

2d

L Jo w((x)½ dx (18)
2d

Jd w(x)_ dx

where w(x) is the length in the direction of air flow and

2d is the overall length of the incised pattern repeat uniit.

Integration of Equation (18) for the geometry shown in Figure

32 gives

L = 1.26 d

2.5.3.3 Perfusion Screen Convection Model

It is anticipated that Equation 14 will over-
estimate the heat transfer due to forced convection. This is

because the perfusion air velocity flow over each incised unit
in the perfusion screen is actually expected to be less than

the free stream air velocity. Likewise the actual length di-

mension involved in forced convection heat transfer may differ

from the calculated significant length. It is necessary,

therefore, to take into account the air flow resistance of the
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Figure 32. Incised Pattern Repeat Unit for Perfusion Screen
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perfusion screen and, in addition, our inability to directly

measure the correct air flow velocity to be used in the con-

vection term or to determine the appropriate significant

length. Therefore, Equation 14 is modified to read

q K- - (T - T (19)
c,a C L cam air

where P is defined as the perfusion factor. P is an empiri-

cal parameter which has to be determined for each incising
pattern and geometry through field test measurements. We ex-

pect that P corrects mainly for the uncertainty in perfusion

air velocity. A relatively minor influence on P is anticipated

for the significant length dimension correction.

2.5.4 Energy Balance Result

Assuming that the camouflage emissivity,

C cam" is equal to the thermal absorptance, at, and using equa-

tions 9-11 and equation 19, equation 8 becomes

cH + c YT 4 + E: Oi T/

H+ cam o sbb cam gbb

T + 2 K P (T -T ) (20)
cbb cA L cam aix

Solving for aH, and rearranging terms, we have

aH = 2K (T T + a (T 4E T ) (21)
cH= L cam- air cbb cam sbb

+ CE (T 4 FE T/4
cbb cam gbb
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Assuming that the ca-.ouflage is a grey body and from the de-

finition of emissi.vity, camouflage blackbody temperature is

T 4 T 4

cbb cam cam

The final form for the energy balance is therefore

solar heat convection net radiation to sky
aH = 2K V (Ti) TaaH - T + C o(T -T (2

cam air cam cam sbb (22)

n't radiation to ground

+ C o(T 4 -T' 4)cam cam gbb

Thus, solar heat is balanced by convection to air, radiation

to the sky, and radiation to the ground. Because these terms

are dealt with ineividually later they are defined here as

q r'sfor rudiation to the sky and qrg for radiation to the

ground. (Convection is already given in equation 19). There-

fore

q a4 (T T 4 (23)
, carti CaT LTsb(

and

r,g cam (Tca Tbb) (24)

In the perfusion screen equation (22), there is

a parameter set characteristic of the -icreen materi.al, de-

sign, and construction, and two physical conF:tants. Table 1

lists the parameter sets. The perfusion factor P can be cal-

culated after the remaining parameters are determined for a

particular scenario. Because P is introduced as a semi-
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TABLE 1

PERFUSION SCREEN PARAMETERS

Scenario Perfusion Screen Physical Constants

H [mW/cm2 ] a K c[mWsec 1/cm2 K]

V (cm/sec] Ecamn

T air K] L [cm]. a [mW/cm 2 K"•]

Tsbb K] T cm[ K]

Tgbb[ K] P

7
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empirical parameter, the perfusion screen model is forced to

be consistent with each set of field test measurements.

Once the energy balance terms for solar heat,

and the two radiation terms are evaluated, tha net heat ex-

change due to forced convection is determined. Using Equation

(19), it is then possible to calculate P for each perfusion

screen.

The scenario parameters used in the perfusion

factor calculations are either measured directly or calculated

from the test measurements. As discussed in the test measure-

ment section (2.4) the solar irradiance H, the free stream

wind velocity, V, and the radiometric blackbody temperature

of the ground, T are measured directly. It was found

more difficult to determine accurately the air temperature,

Tair, and the appropriate blackbody temperature of the sky,
T sbb. Appendicies B and C describe in detail how T airand

T are determined, respectively.

The perfusion screen parameters for solar ab-

sorptance, a, and camouflage emissivity, cam' were deter-
*d te mesureent s mae fo thecamoulgteatamined from independent measurements. The methods used are

discussed in Appendicies C and D, respectively. Because a
radiometric measurement is made for the camouflage, the actual

cdmoutlage temperature, T , must be evaluated. Appendix A
cam

gives the method used to obtain T c. The method used to ob-

tain the significant length, L, was presented in section 2.5.3.2.

2.5.5 Energy Balance Calculation for Obtaininc Per-

Fusion Factor

Once the energy balance terms are evaluated in

Equation (22), the perfusion factor can be calculated. In

order to show the method to obtain P, the data taken from
the February 16, 1982 daytime test on the 1.0cm perfusion
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screen is used. Table 2 presents parameter values used to

dehermine the energy balance terms. Note that the radio-

metric blackbody temperatures of the sunlit ground and the

shaded ground (short brown grass) represented the highest

and lowest recorded values (see Figure 13). Because the per-

fusion screen shaded approximately half of the ground directly
/

below, with the other half being sunlit, T' was taken as
gbbvhe median between the average shaded and average sunlit

measarements. The individual energy balance terms are cal-

cilated below and P is determined.

Solar Absorption

The heat absorbed by the camouflage is

uH = 0.67 • 63 mW/cm2

aH = 42.2 mW/cm 2

Not Ground Radiation

Equation (4) gives net radiation to ground for these data

as

-9 mW
q = 0.93 • 5.67 x 10 -- {(302.0 K)- (298.7 K)4 }
r,g cm2 K4cm2 K

qr g = 1.9mW/cm2

The positive value indicates the camouflage is being cooled

by ahe ground.
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TABLE 2

PARAMETER VALUES FOR THE 1.0CM SCREEN

TAKEN ON 2/16/82

Scenario Perfusion Screen Physical Constants
mwsec½

H = 63mW/cm2  c = 9.67 K = 0.39 2c cm2 K

V = 198cm/sec c = 0.93
cam

Tair 293.9 K L = 1.26cm o = 5.67 x 1-0mW
Sc 2 K4

T =272 K T =302.0 K cm K
sbb cam

T =298.7 K
gbb
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Sky Radiation Term, qr,s

Equation (23) gives net radiation to the sky. For these

data,
_9 mW 4))

q = 0.93 • 5.67 x 1 0  K 4"302.0 K) 4 -(272 K) 4 }
S cm2

qr,s = 15.0mW/cm
2

The positive value indicates the camouflage is being cooled

by the sky.

Forced Convection Term

Equation (22) can be solved for the forced convection term

to give qc,a = aH - qr,s - qr,g

Substituting the results calculated above

= 2 mW mW mW
q = 42 .2 - 15.0 -2 - 1.9 -- 2

acm cm2

qc,a = 25.3 mW/cm 2

The positive sign indicates that the camouflage is being

cooled by forced convection. Note that 60% of the solar heat

load is being dissipated by forced convec-ion.

Perfusion Factor

Equation (19) can be solved for the perfusion factor to give
L qc

4K c 2 V •Tcam Tair (25)
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Substituting parameter values, we have

= 1.26cm (25.3m W/cm 2 K2

4 0.39 mW sec½\ 2 198cm/sec 302.0 K-293.9 K]
cm K,

P = 0.10

Perfusion Factor Results From 2-16-82 Daytime Data

The 2/16/82 daytime test data was used to determine P for

the three perfusion screens. Six separate measurements were

made on each perfusion screen. P was calculated from each

measurement according to the example given above. The six
values were then averaged to give the final results, with the

percent variation, presented in Table 3. The average of the
energy balance terms is also presented with the percent of the

total heat input dissipated by convection, sky radiation, and

ground radiation.

Dist-ussions of Relative Performance

The perfusion factor is characteristic of the particular

perfusion canopy design and construction. Specifically the

three designs used in this study are scaled by varying only

the significant length, L. In addition, the forced convec-

tion coefficient, h, in terms of the model parameters is given

by

h = Kc •
c -VL

With the same free stream air velocity for the sample designs,

the relative convection coefficients are given byVT /L. It

is, therefore, suggested that the factor .JP7L be used as the

measure of relative performance.

72



TABLE 3

PERFUSION FACTORS AND ENERGY BALANCE FROM

2/16/82 DAYTIME DATA

Energy Balance Terms

Perfusion Solar Convec- Radiation Radiation
Screen Row Perfusion Load tion to sk to ground
Separation,d Factor mW/cm 2 mW/cm2  mW/cm mW/cm2

0.5 cm 0.045±60% 40.9 23.9(58%) 15.0(37%) 1.9 (5%)

1.0 cm 0.10 ±40% 40.9 24.9(61%) 14.6(36%) 1.5 (4%)

2.0 cm 0.23 ±60% 40.9 24.8(61%) 14.7(36%) 1.6 (4%)
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The following table summarizes the relative performance from

the February 16, 1982 test data.

Perfusion
Screen Row L P/L
Separation, d [cm] P [cm-½J

0.5 cm 0.63 0.045 0.27

1.0 cm 1.26 0.10 0.28

2.0 cm 2.52 0.23 0.30

The relative convection coefficients are the same, within the

accuracy of the test measurements as seen by the closeness of
the terms in the last column.

This result is consistent with camouflage temperature results.

The average camouflage temperatures from the February 16,

1982 experimental data are:

Perfusion T T' (average)
Screen Row cam (average) cbb
Separation,d [K] [K]

0.5 cm 302.0 300.2

1.0 cm 301.3 299.5

2.0 cm 301.4 299.6

Note that although the T values are approximately 7 to 8cam
degrees above air temperature (Tair = 294 K), the radiometric

blackbody temperatures are all within 1.5 degrees of the

radiometric blackbody temperature of the ground (T' -gbb
298.7 K).
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3.0 DISCUSSION

3.1 CS-86 Compatibility.

One of the objectives of this contract was to
make an evaluation of the perfusion screen as a viable com-
ponent of the Modular Multispectral Camouflage System 1986

(CS-86). This system is understood to include the following
objectives. The CS-86 camouflage should:

1) be applicable to all Army tactical systems

2) be applicable to moving as well as stationary

targets

3) defeat sensors in all wavebanes

4) defeat laser designators and rangefinders

5) have modularity

6) have all-season capability

It is helpful to consider first the methods of achieving
the above CS-86 goals. Goals 1, 2, and 5 appear to be

concerned with camouflage overall system design (such as

canopy or disrupter) and are not at the component level

of interest of this contract. Viability of the perfusion

screen concept as a component of CS-86 is regarded, there-

fore, to hinge primarily on the potential of this concept

to meet goals 3, 4, and 6. Considering non-thermal wave-

bands, all of these goals are achievable through reflec-
tance control which has been accomplished to a large

extent with coatings. For the visual screen there is

also the creation of texture and shadowing through leafy

garnishment on netting but colors remain fundamental.
Therefore, the issue of compatibility of the perfusion

screen approach with CS-86 objectives centers on the inter-

relationship between surface coatings (to meet goals 3, 4,

and 6) and thermal concealment performance.
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The parameters related to material reflectance

which also affect thermal performance as the heat balance

equation in section 2.5.1, (22), shows are solar absorp-

tance and material emissivity. Radar scattering material

presently used in nets has no effect on surface reflectance

in the .4 to 14 micrometer region. It may be assumed that

it can be used with the perfusion screen also without any

problem.

Figure 33 is a reflectance curve which represents

what may be the desired camouflage reflectance to simulate

natural foliated background. Notches in the curve repre-

sent special coating for laser absorption. Hopefully these

notches can be made narrow enough so that the broad spectrum

reflectance is only slightly affected and broad spectrum

sensors continue to see about the same energy reflected as

from the background.

Solar absorptance is a term which is closely tied

to this curve because of the conservation of energy rela-

tion

a+p+T l

where a = absorptance

= reflectance

T = transmittance

When T = 0 (usually the case), then a = 1 - p, so colors

affect solar absorptance and consequently the temperature

of camouflage materials in the daytime.
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Compatibility with this kind of reflectance curve seems good

for conditions of low cloud cover. In instances in which

there was high cloud cover and yet sunlight was shining on

the perfusion screens, they tended to temperatures at the

upper end of those in the background and sometimes a little

higher. That was with forest green paint coloration. There-

fore, there may be a problem with maintaining color and keeping

solar absorptance at a lower level so that solar heating is

reduced for the perfusion screens. Further consideration to

this subject is given in the following section on recommen-

dations.

It is anticipated that the laser absorption notches in

the reflectance curve will have negligible effect on solar

absorptance or on emissivity. Laser rangefinder and desig-

nator absorption filtering is also not anticipated to cause

any incompatibiliy problems for the nerfunion screen.

3.2 Diffinultiesgof the RPerfusion Screen

Some problems were experienced with the perfusion screen

in achievinq the correct opening of layers. When a sheet

was slit and the attempt was made to expand it, non-uniform

opening occurred. Some of the slit elements opened one

way and others opened the other way. For blocking coopera-

tion between layers which leads to total blocking with two

layers, all slit elements must open one way. That was ac-

complished in making test samples by manually torcing all

elements to open in the same direction - sometimes slit by

slit - a laborious procedure. Nevertheless, that is not

regarded as a long range problem as manufacturing techniques

should be able to overcome this pioblem.
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There is some directionality in the appearance of the

perfusion screen samples prepared. That is due to the uni-

form direction of opening on the exposed layer. Photographs

of the samples indicate some effect but the color change

still does not seem stark enough to be a problem. In fact,

if the perfusion screen were used in pieces oriented in

different directions as in a disrupter, the difference in

darkness might be a help in increasing disruption and

creating mottling even though the same color coating were

on all perfusion screen sections.

Another difficulty which has been experienced with the

perfusion screen embodiments is maintaining the degree of

expansion which is desired to get good perfusion yet retain

blocking effectiveness. Material elasticity tends to cause

the sheets to relax to the unexpanded state. It was ob-

served with screens made from the camouflage cloth used in

the visual nets that the degree of stiffness was low and

elasticity of the slit sheets high so that they had to be

held in a stretcher frame to keep the expansion desired.

However, after several days in the frame, the material seemed

to have taken a set which maintained shape. It would

still slcwly relax though.

If a perfusion screen section were used in a camouflage

device, some arrangement will be necessary to keep the sec-

tion in the proper expansion - not too little so that it

restricts perfusion and allows overheating in the sun or

possibly overcooling at night, and not too much so that

blocking is incomplete allowing some target radiation to

escape directly.

This might be accomplished with attachment of the per-

fusion screen sections to netting which is then pulled square.
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Another way might be to simply use materials in the con-

struction of the perfusion screens which are stiff enough

to retain shape on their own. Heat set mylar was mentioned

in the materials analysis section of the investigation

because of its heat settable property.

One of the difficulties anticipated in use of the per-

fusion screen concept relates to its use as a full canopy.

The degree of air passaqe through the screen when it is of

large extent is unknown. Test samples were about a half

meter on a side and were tested in a horizontal position.

Air was free to pass under and over the screen sections.

In a full sizP canopy arrangement, this flow would be

affected; and it is not known just what the thermal effect

would be. Therefore, the tes..'nq actually simulated the

case of a disr. ;ter employment wore exactly than a ,'anopy.
3.3 Surface Garnishmen.

Because of the small scale zogularity required to

attain line of sight blocking with the perfusion screen,

there may be an appearance of uniformity to the eye. A

form of visual texturing could be ,achieved by laying visual

gariuishment on top of the scree.. If it should be fcund

that such a visual yarnisnment ]•yeL becomes too blt or

cold, doubly incised yarnishr.unt can be used. This would

be material ,.ith slits cut into it and expanded. Then in

thce expanded state it would be incised once more with the

large visual incising cuts and expanded. The slit expanded

material would just serve in the place of flat material so

that the resulting garnishment would be more porous and

would come to a thermal equilibrium temperature closer

to air temperature than the standard visual ga-nishment.

This is also discussed in the patent application for the

perfusion screen.
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4.0 CONCLUSIONS.

4.1 Thermal Suppression Requirements and Thermal Load.

The thermal suppression requirement study produced

several conclusions. First, the most exact thermal require-

ment for camouflage is that the equivalent blackbody temper-

ature of the camouflage fall with the naturally occurring

range of the background within some vicinity of the camou-

flage. This, however, is not quantitative. To quantify

the requirement, it was concluded that a rule-of-thumb

-' that camouflage equivalent blackbody enemperatures need

to be within from ±2 to ±7 0 C of average background temper-

ature, depending on the environmental condition. The most

restrictive condition was expected to be just pre-dawn

and the least in the day in bright sun.

One of tne conclusions concerning the case of unresolved

targets was that long range detection avoidance may be pos-

sible without the necessity of reducing target temperatures

as low as the background temperaturei.

The spatial or patterning requirement was for a thermal

pattern with smallest lobes in an irregular pattern on the

order of 20 inches across.

The angular coverage analysis, though not extensive,

indicated possible gain from terrain masking so that camoa-

flage need not provide full hemispheric coverage which

was felt to be needed other.wise. Terrain masking may

allow generally a i to 5 degree region above the horizontal

to be uncamouflaged.
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It was concluded that thermal load for targets can be

reduced to one basic parameter - target surface temperature.

Most targets have surface temperatures (on surfaces to which

a perfusion canopy would be applicable - not engine exhausts

for example) which differ from air temperature by the fol-

lowing maxim.um values:

Daytime 30-40WC

Night 25-30WC

The significance of these values is that if a camouflage

method is capable of handling such levels of tempevature

difference with air temperature, it should be capable of

coveting the majority of target items.

Now it should be mentioned once more that the above con-

clusions on both thermal suppression requirement and on ther-

mal load were not arrived at to represent finalized per-

formance criteria: rather they are in the nature of working

definitions.

4.2 Thermal Suppression Performance.

Conclusions regarding the thermal suppression of

perfusion canopy samples were drawn from temperature tests

(with a radiometric thermometer instrument) and from imaging

tests in which both the radiometric thermomcter and a

thermal imager were used.

4.2.1 Night Performance.

The night tests were sparse (two nights), but

results were good both times. The conclusion is that the

night condition is compatible with good matching of the

perfusion canopy with background elements. There was no

overcooling evidenced at all so none would be expected based

on these tests.
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4.2.2 Day performance.

The perfusion screen canopy samples showed a

dependence on the environmental condition existing at the

time of the test. Basically what was noted was the adequate

performance of the test samples in sun provided the cloud

cover was low. In a condition of high solar load and simul-

taneously high cloud cover, the perfusion canopy samples

drifted up to the upper end of the background variation and

sometimes beyond. Performance in a high solar, high cloud

cover condition is therefore regarded as maritnal. In a

low solar load, high cloud cover condition, performance may

again be anticipated to be satisfactory.

One objective was to make a performance determination

between the three different sizes of perfusion cancpy sample

whi,:h had been prepared. The conclusion reached after the

test series is that there is no signIficant difference between

the three in thermal performance. There was indication in

analysis of the radiometric temperature testing that the

largest size (2 cm slit row separation) was slightly superior

to the other two sample sizes.

It was the conclusion in fact from analysis or radio-

metric temperature test results that convection from each

of the three samples is about the same. This comes from the

observation that the f7TL value (that part of the convec-

tion termn depending on the sample) for the three samples

was nearly constant contrary to expectation. The smaller

sample was expected to afford better convection because perfusion

was expected to be about the same for all samples. That is, the

relative wind through each sizL perfusion screen was not expected

to change with the size of the screen, which the results indicate

it did. If convection is about the same for all three sizes

of screen, the size choice, from the present data anyway, would
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be for the largest one, the 2cm slit row separation (4cm slit

width) sample.

4.2.3 Miscellaneous Conclusions.

From hot plate testing, several conclusions can be

drawn. First though elementary, the sample screens did not

transmit infrared radiation in the 8-14 vrm region directly.

Second, a spacing of about 6 inches was adequate to negate the

influence of a hot plate some 28 0 C warmer than air. That was

true for the screen parallel to the hot plate whether the ar-

rangement was vertical or horizontal. That was observed in both

day and night tests. This is a tentative conclusion for small

target and canopy size, but it is a hopeful indicator for ap-

plication of the perfusion canopy to bigger targets. It suggests

that extreme spacing will not be needed for proper dilution

cooling of air heated by passing ove." target hot surfaces.

Tests of the perfusion screen samples in a vertical orien-

tation were conducted and it was concluded that generally little

thermal effect may be anticipated due to vertical orientation,

as opposed to horizontal. ThWt may not be true when the orien-

tation is from horizontal to a condition normal to sunlight

and parallel to the wind direction.

Another conclusion whiM:h came from the tests was that ther-

mal mottling can be obtained by the addition of garnishment on

top of a perfusion screen. It is not, however, a strong mot-

tling as observed but does indicate the potential for enhancing

thermal effectiveness with surface garnishment.

4.3 CS-86 Component Viability.

The overall conclusion which can be made considering

all the above is that the perfusion canopy concept does offer
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r a means of thermal concealment which does not overheat in

solar load nearly to the degree which thermal blankets do

and is in many cases within the background variation in

equivalent olackbody temperature. Assuming matters of pro-

duction and storage can be solved, the perfusion screen is

compatible with laser and radar suppression requirements in

that coatings to achieve those effects can be added without

impact on thermal performance of the perfusion screen.

Colors chosen to achieve visual camouflage will impact thermal

performance due to their influence on solar absorptance, cx.

The indication here is that a = .7 (the indirectly measured

value for the forest green paint used) is a little too high.

Noting that a lower value of solar absorptance would

probably best suit thermal performance of the perfusion canopy,

it still appears reasonable to conclude that the perfusion

canopy is compatible with the visual camouflage requirements

as well as with radar and laser suppression methods. Per-

formance in the night appears to be good at this point and

the response to solar load, though not at an optimum, is

still a markea improvement over that of the thermal blanket.

Therefore, it is concluded that the perfusion canopy concept

gives indications that it is a viable candidate to assume

some of the responsibility of the CS-86 '3ystex. t

8/86 blank



5.0 RECOMMENDATIONS.

Because of the marginal performance of the perfusion

canopy in some daytime conditions (high solar, high cloud

cover), it is recommended that consideration be given to

development of a paint which reduces solar load. That can

be done without sacrificing visual performance by proper

selection of transmitting, reflecting and absorptance prop-

erties of the coating. What is suggested here is to decrease

solar absorptance and increase transmittance while keeping

reflectance at about the same level as for required visual/

near IR performance. Leaves naturally have such solar trans-

mission. Paints and coatings on the other hand, tend to be

opaque so that they will have good "hiding power" or cover

in a few coats. In this case that is undesirable. What

ic needed is an integrated coating/substi,'te analysis to

define the system reflectance in terms of individual part

reflectance, absorptance, and transmittance. Then this

method of analysis can be used to determine the anticipated

reflectance of various combinations of paint/coating and

substrate and the reduction in solar load which can be

obtained.

Future examination of the perfusion canopy should include

more detailed determination of the effect of orientations other

than horizontal. In particular the case (expected to be
wcrst) of canopy normal to the sun and parallel to the wind

in a high cloud cover ambient would be of interest to

explore the limits of performance - how high temperatures

for the perfusion canopy might get.

It was noted that in earlier testing of the perfusion

canopy the background against which it was tested was dry

brown grass due to the season of the year. Later on when
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spring arrived the greening of the background may have resulted

in greater differences between the perfusion canopy and back-

ground. That suggests that. other backgrounds should be

found against which to test. It is recommended that a sandy

background, a green grass background, and a rocky background

be sought and tests conducted to note the degree to which

perfusion canopy samples fit into those background variations.

As a method of comparison to known data, it is also rec-

ommended that a small visual screen sample be included in

testing with the samples of perfusion canopy.

In order to more realistically assess performance it is

recommended that larger size perfusion screens be made and

tested. Probably they should be made in 2 cm slit width in

the proportions described in this report (figure 4 (b)).

A suggested dimension is 1 meter squares. Five such squares

could be used in ccncert to cover an actual target. Together

with the work. to make the screens some effort will be needed

to design a method of support for the screens. These screens

tend to collapse when the stretching force is removed as they

are presently made. That is the reason why they were fastened

into stretcher frames for handling; that problem needs atten-

tion in future development.

When these larger screens and attendant support systeris

(possibly a disrupter form) have been assembled, tests

should be conducted to evaluate tie thermal suppression

performance of the perfusion canopy on an active and a pas-

sive target (one geneiating heat and one not). A passive

target might be just a small car with dark color if possible,

or even better, a jeep and an active target might be a small

generator.
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Particular attention should be paid during the active

testing to whether dilution cooling of air around the

target is able: to reach acceptable levels within a distance

reasonable for spacing the perfusion screen away from the

target.

Another objective of testing with larger sections of

perfusion screen would be to note the effect of increasing

scale - to observe whether large size pieces behave in a

similar way to what the smaller ones already tested did.

In order to investigate mottling further it is recommended

that garnishment for addition to the surface of the large

pieces of perfusion screen be procured and observed during

testing.
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APPENDIX A. ACTUAL TEMPERATURE FROM RADIOMETRIC BLACKBE.-
TEMPERATURE (MEASURED WITH R2LT)

The Raytek model R2LT radiometric thermometer was

used in field tests to obtain readings from which actual

surface temperatures were derived. The instrument was

set to an emissivity of 1.00 so that a blackbody tempera-

ture would be read. The instrument actually indicates a

temperature which corresponds to the total power received

on its detector. That comes from two sources in reality

and not just the emitted power from the surface at whic]

the instrument is aimed. There is also a reflected power

from the spot in view which boosts the indicated black-

body temperature above actual blackbody temperature. For

the purposes here horizontal surfaces are the ones of

interest so the source of reflected power is the sky.

This relationship can be expressed mathematically as

,: {T 4 + p T b4 (Al)bb - bb sbb](l

where:

% = radiometric blackbody temperaturebb

(indicated)
T = tr"' blackbody temperature
bb

p = -uL,tf ce reflectance

Tsbb = blackbody temperature of sky

Since most surfaces are oDaque to thermal infraLted (txnns-

mission at infrared wavelengths is zero), it iJ posiible
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to express surface reflectance as one minus absorption

(from conservation of energy). Applying Kirchoff's law

(emissivity = absorptance) assuming the surface is a gray-

body, surface reflectance becomes

where:

c = surface emissivity

Then radiometric or indicated blackbody temperature

temperature is expressible as

T Tb4 + (1 - -) T 4}(A2)Lb !-TIbb sbbi

Therefore, to get actual surface temperature, T, from

the indicated blackbody temperature by the radiometer, one

needs to remove the reflected power to get true blackbody

temperature and then divide out the suiface emissivity

and take the fourth root;

(T - - E) ) - _ (A3)
T 1 bb 

StDD

Since blackbody temperature is needed in the thermal

model for radiant cooling, testing already needs to assess
" value tor sky blackbody temperature. Thus it is already
"a term which is available for making this correction.

A point which should be observed is that the above

equations are specifically directed toward horizontal

surfaces. If measurement is made radiometrically with
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the R2LT on vertical surfaces, then this correction will not

be as helpful because approximately half of the reflected

power will then come from the ground. For the present

work only horizontal surfaces are considered.

9

93/94 blank



APPENDIX B. RADIOMETRIC MEASUIREMENT OF AIR TEMPERATURE

The perfusion screen is based on the idea of convective

coupling to air temperature as a means to control screen

temperature difference with background. Therefore, a good

knowledge of difference in actual screen temperature and air

temperature is needed to assess the convective heat transfer

from the screen.

Screen temperature is best measured radiometrically

because it is a non-contact measurement. Radiometric

measurement does not perturb screen temperature as contact

means are likely to do. But a problem arises in that air

temperature itself cannot be measured directly radiometrically

because air is not a solid. It is readily measured with

a mercury bulb thermometer, but any systematic error in

either radiometric or mercury bulb devices can introdcce

that error into the temperature difference measurement

needed for convection calculation.

Therefore, it was decided to create a device which

would maintain a surface at air temperature which could then

be read radiometrically. Figure B1 shows the resulting

device.

The air vane material was chosen to be the same as

that used for the perfusion screen samples so that the

emissivity would be the same. Vanes were also situated on the

inlet side of the fan so that any fan heating from the

motor would not be added to the air passing through the

air vanes to cause incorrect air temperature rmeasurement.
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q.-.4
:NLET AIR 0 4

AIR VANES\

-*- CYLINDER

AXIAL FAN

EXI
T

AIR

BASE PLATE

2220

Figure B1. Device for Radiometric Measurement of Air Temperature
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The equation for convection from the a. vanes is

basically the same one for convection from the perfusion

screen - namely

qca 2K cYI(T av T' ai I(BI)

=c 2K = cair (i

where:

K = .39 mW sec½/(Cm2cC)

c

V = wind through the vanes, cm/sec

L = significant length of air vanes, cm

T = air vanes temperatureav
Tair air temperature

For the air vanes, a slit row separation of 0.3 cm

was used. In section 2.5.3.2 where significant length is

discussed, it was shown that. significant length for the

geometry of the perfusion screen layer was 1.26 times slit

row separation. Using the same estimate of significdrit

length for the air vanes, L = 0.38 cm.

With a hot wire anemometer (Datametrics model 100VT)

the wind speed through the air vanes , at a point just

under the air vanes inside the cylinder, was determined to

be about 800 cm/sec.

Equation (BI) with the above values for a 10 mW/cm2 net

radiant load on the vanes predicts a temperature difference

with air of about 0.3 0 C would occur. This is about the

radiant load experienced in the daytime and nighttime

testing.
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Therefore, the magnitude of error in actual air temper-
ature of the air vanes was taken to be abcut 0.30C which

was not regarded to be significant enough to take into

account in calculations

The procedure was then to measure the air vanes black-

body temperature with the radiometric thermometer making sure

that the direction of view was as indicated in Figure BI

so that only the air vanes were seen and not objects behind.
This measurement was then corrected for reflected power

from the sky as discussed in Appendix A.
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APPENDIX C. ASSESSMENT OF EFFECTIVE BLACKBODY TEMPERATURE OF

SKv AND SOLAR ABSORPTANCE FOR FOREST GREEN PAINT

1.0 EFFECTIVE LLACKBOD& TEMPERATURE OF SKY

In the heat balance fo- an element ofa horizontal per-

fusion screen, radiant cooling to the sky has been found to be

a strong influenceý. In addit:.on, the direct measurement of

sky temperature radiometrically with the Raytek R2LT is not

feasible because this instruwn',t operates in the 8-14 micrometer

region which heppens to be An .ýtmospheric transmission window.

STherefore, the radiometric t iererature read by the R2LT ir, ex-

cessively low because radianý i.rission in the atmospheric win-

dows is low. In the whole spectrim exchange probably most of

the radiant influence of tho kxy comes from the absorption bands.

Another method of assessing d'i effective sky temperature for

radiant cooling was needed.

It was determined that . indirect measurement could be

made by using a white insulated pad laid on the ground and

shaded. The temperature of this pad is measureable with the

R2LT. Furthermore the heat balance for the pad is predomi-

nantly controlled by sky temperature.

This method circumvented the problem cf direct measurement

of equivalent blackbody temperature of the sky. Instead, the

pad temperature was measured after allowing real radiant ex-

change processes involving spectral variation in atmospheric

absorption through the whole spectrum to qovern the white pad

temperature. Then, the results were put into an equation for

the heat balance as if the sky cooling were a whole spectrum

radiant exchange between graybodies.* In th~s way, an effective

blackbody temperature of the sky was obtained. Then it was

assumed that this effective sky temperature could be used in the

heat balance equation for the perfusion Rcrecn (equation (22)

* A graybody is one for which the emissivity is spectrally

invariant.
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of the main text) in the sky radiation term, which was also

set up as a graybod ; exchange.

Equation (Cl) gives the heat balance for the pad, showing

cooling to the sky as a graybody exchange balanced by convection,

diffuse solar heatinq and conductive heating.

Sky Convection Solar Conduction
Cooling Heating Heating Heating

-cT. )= K Y½t.L + ax H + k (T-T )(l
pbb p sob =c Tair-Tpad pd : 9 pad

where:

Stefan-Boltzmann Constant, 5.67xlO 9 mW/(cmn 2 K4)

Tpbb = Blackbody temperature of pad surface, K

L white pad surface emissivity

Tsbb = blackbody temperature of sky, K

K = forced convection factor, .39 nW sec /(cm 2K)c

V = ambient wind speed, cm/sec

L = significant length for pad surface, cm

Tair = air temperature, OC

Tpad = pad surface temperature, OC

S= white pad surface solar absorptance

H = diffuse solar irradiance
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k = pad insulation thermal conductivity, mW/(cm K)

t = pad thickness (insulation), cm

T = ground temperature under pad, IC

The pad was surfaced with a piece of white bond p:.er to

minimize solar heating during the day. The procedure !f

shading was also to minimize that term. Condiction car then

be made comparatively quite small througi- the use of se':eral

inches of insulation. The dominant infl.aences are mh..s

sky cooling and convection when these steps ha;e been taken.

Equation (Cl) can be solved for Tsbo as

T sbb 1 cT pbb-Kc VI(T air-T pad)- pH d- f 9-T pad (C2)

p

Quantities to the right in (C2) are ezther known or

measurable or can be estimated with sufficient accuracy

to permit a first calculation of Tsbb* However, because

sky temperature itself influences to a degree some of

the quantities in the right side of (C2), it was necessary

to iteratively solve for Tsbb.

Appendix A shows that radiometrically measured temper-

atures of surfaces should be compensated for the effect

of ski, ..emperature. Therefore, Tpad and Tpbb as measured

directly with the radiometric thermometer, need correction

for Tsbb for best accuracy. Furthermore, Tair measured

indirectly as the radiometric temperature of air vanes is

also influenced by sky temperature in the same way. This

is discussed in Appendix B.
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A workable iteration to solve for sky temperature is to

use air temperature measured with a mercury bulb ther-

mometer in (C2) to qet an estimate of sky temperature and

use this estimate to correct pad temperature and air vanes

temperature. Then these two new values of pad temperature

and air temperature will yield a new sky temperature. After

one or two such iterations, sky temperature generally

ceases to change significantly and the resulting values for

both sky blackbody temperature and air temperature from

the air vanes are available for use in the model.

Example Calculation of Sky Temperature

An example of this procedure is presented here using

data from a test conducted in the day on 2-16-82. A pro-

grammable calculator was used to perform the iteration.

Input data were:

pad temperature measured, T' 140C
pbb

assumed solar absorptance, a 0.15

solar irraeiance, diffuse, Hd 9.4 mW/cm 2

assumed paper emissivity, e 0.95P

ground temperature under pad, T 18.7 0 Cg

average wind speed, V 245 cm/sec

pad significant length, L 49 cm

air temperature, Hg bulb 22.5 0 C

", y blackbody temperature varied in the following way as

the :teration proceeded: 285.8K, 275.2K, 276.6K. The

varization in temperature between the last two calculations

of ský temperature was not regarded as significant so the

iteration was termi.•ated and the sky temperature was taken

tc be 277K.
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2.0 SOLAR ABSORPTANCE FOR FOREST GREEN PAINT

In a manner quite similar to that used to get effec-

tive blackbody temperature of the sky, it is possible to

get an estimate of the solar absorptance indirectly from

measurements male on an insulated pad surfaced with the

material whose solar absorptance it is desired to get. In

this case, what was done was to paint a sheet of spunbonded

polyolefin with the same forest green paint used on the per-

fusion screen samples and affix it on one side of the

same insulated pad used for sky temperature calculation.

Thus, except for the effects produced by slitting and ex-

pansion, the sheet sol-r absorptance should be the same

as for the perfusion screen samples because the materials

were identical.

The heat balance equation for this case is identical to

that for sky temperature calculation (equation Cl), with

the exception that solar icradiance is total - not just

diffuse as for the sky temperature measurements. That is

because the green sheet must not be shaded, of course, when

it is the solar absorptance which is of interest. The

applicable equation used in determinatlion of solar absorp-

tance, a, was

C( io(Tpb4--gp Tsbb) + k (T - T + Kc](TpadTair (C3)

where: H = total solar irradiance

Tpbb = green pad surface blackbody temperature

c green pad emissivity

Tpad = green pad surface temperature

Other quantities are the same as in (Cl).
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1

The procedure in the absorptance measurement was to

first make a sky temperature measurement set as discussed

earlier. Then the pad was turned over (the green surface

was on the opposite side of the pad from the white surface

used for sky temperature measurement) and allow it to come

to equilibrium for about five minutes. Then pad surface

temperature was measured simultaneously with an averaging

of wind speed. The pad was raised briefly while a quick

measurement of ground temperature was taken and solar

irradiance noted (meter parallel to the pad). As for sky

temperature, a measurement of air vanes temperature.

(Appendix B) was also made.

Measurement Results

On February 16, 1982, a set of measurements as described

above was made. Table 1 gives the measurements and results

of calculation for a for L= 49cm, Tsky= 272 K, Tair vanes20.6 0 C,

Kc .39 mW sec/(cm2 °C), H = 57 mW/cm 2 .

T>e solai absorptance results from this testing suggest

that the forest green paint on spunbonded polyolefin as

i was used for tiie perfusion screen samples was about 0.67.

Sinc-e thiis is an indirect measurement, it is expected that

it may be in error by perhaps .05.
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TABLE 1. SOLAR ABSORPTANCE CALCULATION FOR FOREST GREEN PAINT

Net

Rad. T Cond. v Conv.
pbb Cool pad g Cool Cool e

0C mW/cm2  0C 0C mW/cm2  cm/sec mW/cm 2

39.1 22.90 43.57 21.4 1.55 166 15.07 .69

35.5 20.46 37.78 20.7 1.31 238 14.77 .641

36.6 21.18 38.94 21.0 1.37 240 15.83 .67

(avg. (avg.

last last

two) two)

For L = 49 cm, Tsky 272K, Tair vane=20.6 0 C

K= .39 mW V'si(cm2 °C), H = 57 mW/cm 2
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APPENDIX D. EMISSIVI1Y MEASURFMENT ON FOREST GREEN PAINT

Because the perfusion screen samples were made • h a

forest green paint for visual effect, it was also necessary

to determine the surface emissivity of this coating for

model calculations. The following procedure was conducted

to make an evaluation of this emissivity.

A Thermolyne model HPAI915B hot plate was spray painted

with forest green paint (made to meet MIL-E-52798A (ME)

type II) and used as the test surface. In order to monitor

the surface temper..ture of the hot plate, a 1.5 x 1.0 inch

x about 4 inch long bar of aluminuTa was drilled out to

clear a mercury bulb thermometer so that it could be

inserted into the bar up to the immersion line. The

hole was first filled partially with Dow-Corning heat sink

compound. The bar was then heat sunk to the hot plate

surface with the same compound and insulated on 4 sides

with 3/4 inch thick urethane foam insulation.

Hot plate temperature was not controlled by the knob,

but was controlled by setting the knob full on and reducing

the voltage to the hot plate with a Variac (setting 20).

In this way a more stable temperature was attained after

sufficient time.

The surface temperature was then measured radiometrically
with the Raytek Model R2LT thermometer. Emissivity was

determined by adjusting the radiometric reading with the

emissi\ ty setting on the R2LT until the radiometric reading

was equal to the mercury bulb reading.

The results of this are shown in Table Dl.
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TABLE D1. EMISSIVITY MEASUREMENT

Date H Bulb c T~ b (c=l) (radiometric bl.ackbody)

2-3-81 58.6 .93

61.1 .93 58.8

2-4-82 40.0 .91 38.3

40.0 .92
It was felt that the value 0.93 was p•_obably the most

correct emissivity for the forest green paint. It should be

noted that this is an 8-14 jim emissivity, since that is the

response band of the R2LT thermometer.
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APPENDIX E. INFRARED IMAGER SPECIFICATIONS

INFRAMETRICS MODEL 525

Temperature Measurement Range -20 0 C to 1500 0 C

M.nimunt Detectable Temperature 0.2 0 C

F-O Zoom Range 4:1

Isotherm 10, 20, 50, 100, 200,

500, & 1500 Ranges

Field of View, typical 140 X 180 with 4:1 Zoom

Frame Rate 30 hz with 2:1 interlace

Soec+-ral Range 8 to 12 microns

Detector HgCdTe

Reso-vable Elements per Line >150

Lines per Frame 525 Raster, >200 IR

Focus Range 5" to Infinity

Detector Coolant Liquid Nitrogen

Coolant Hold Time >2 hours
Power Requiremants 12 volt battery or ll0v

AC
IR Scanner Size (HxWxL) 5" X 4½" X 61"

Control/Electronics Unit 5½" X 83" X 8½"

Size (HxWxL)

IR Scanner Weight 4 lbs.

Control/Electronics Weight 5½ lbs.
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ADDENDUM 1

Thermal Suppression Requirements

1.0 INTRODUCTION

The suppression requirements which have been generated

and are presented in the following discussion are not intended

to be final and general. Rather they were generated at the be-

ginning of this project for the purpose of providing a guide or

standard against which to measure the performance and adequacy

of thermal camouflage-in particular that afforded by the perfu-

sion screen. It was recognized during the development of the

requirements that some areas of exploration into refining the

rcquirements could not be pursued due to time and money limita-

tions. Therefore the requirements are presented as proposed ones

subject to modification. They are however, felt to be adequate

to serve as the working definition of thermal requirements for

evaluation of the perfusion screen.

The thermal camouflage requirements have been divided

into three parts; the basic one of radiant emittance, thermal

patterning and angular coverage. They will be discussed in

that order.

2.0 RADIANT EMITTANCE REQUIREMENT

Spectral radiant emittance from the scene is the funda-

mental parameter which controls what is imaged by a thermal

im-ging sensor. For the purposes here, the integrated radiant

emittance within the sensor spectral operating region will be

the term of interest. It is possible to represent this quantity

with the equivalent blackbody temperature. The equivalent black-

body temperature of an object is just the blackbody temperature

which would produce the same radiant emittance as that object.

A brief consideration of the equivalent blackbody temperature

is presented in the next section to show equivalency to radiant

emittance.
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2.1 Eouivalent Blackbody Temperature as a Replacement For
Radiant Emittancv

This development presents the rationale for using equivalent

blackbody temperature in place of radiant emittance in dis-

cussions of the camouflage thermal requirement.

If we define W12 (T) as the radiant emittance for an object

at temperature, T, with emissivity z(X) in the wavelength

band X1 to X2 then it is expressible in terms of the black-

body spectral radiant emittance, Wb (T), as

W1 2  J 1(X)Wb•T)dX (1)
A

This can be approximated as

X2

W 2  Wb (T)d (2)

X2

where eavg , , f- E(A)dX (3)

Again it is possible to approximate the blackbody radiant

emittance in the A1 to Az waveband as the total blackbody

radiant emittance times a factor representing the fraction

within the %aveband,
A2

JWb(T)dX, F(XI, A2 , T) a T4 (4)

where T = actual object temperature, K

a = Stefan Boltzman constant

F(XA,X 2 , T) = fraction of total blackbody
radiant emittance in the X, to
A2 waveband for temperature T
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Therefore the object radiant emittance in a given waveband

can be expressed as

W1 2ý Eavg F(XI, X2, T) a T (5)

The equivalent blackbody temperature is the blackbody tem-

perature (c=)) producing the same radiant emittajice,

FU(,\2,Tbb) o Tbb4 = Cavg F(XI, X2, T) a T4 (6)

It may be shown that as long as c is high, and the tem-avg

peratures Tbb and T are not very different (less than 151C),

F(U., X., Tbb = F(Ai , A., T)

quite closely (less than 4% typically).

Thus
T • v T• 7

Tbb C avg (7)

and

Tbb C avg T

is the equivalent blackbody temperature. Tbb arrived at

in this way gives a single number which is easily related

to, yet characterizes the radiant emittance for an object.

It includes emissivity as well as actual temperature. Therefore,

when two surfaces with different emissivities are compared in

terms of actual and equivalent blackbody temperatures, the

results may not agree closely.
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The relationship between actual temperature differences

and equivalent blackbody tempe.-.atures can be expressed from

(A8) as

Tbbl - Tbb2 = r- / T1 - /c-2 T2 (9)

If the emissivities are different, the actual and equivalent

blackbody temperature differences can vary considerably. For

example, the tabln below lists actual temperatures and the

corresponding equivalent blackbody temperatures and the

delta Ts, for two surfaces.

Surface actual actual Tbb ATbb

2 300K .98 298.5
> 16K > 9.3K

1 316K .90 307.5

The difference in emissivity from .9 to .98 results in about

a seven degree variance between actual and equivalent black-

body temperature differences.

When the two emissivities are equal (EC = £2 = C)

then the difference becomes just

4 /-(T - TA) (10)
Tbbl - Tbb2 _ (T1

and the differences between actual and equivalent blackbody

temperature differences is negligible provided the emissivity

is high (like 0.90).
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2.2 Approach to Defining Temperature Requirem-:nts

Since-the radiant emittance-of an object (camouflage or back-

ground) is representable by its equivalent blackbody temperature, the

camouflage requirement can be presented as a temperature limitation.

It has been fou:-d convenient to divide the temperature

requirement into two cases dependii- on range from sensor to

target. The range at which the target just fills tLe instan-

taneous field of view (IFOV) of the sensor is defined as the
critical range, R .

c

The "resolved target" case corresponds to ranges shorter

than Rc for which the target angular subtense is greater than

the sensor IFOV. Then the "unresolved target" case corresponds

to ranges greater than Rc for which the target angular sub-
tense is less than the sensor IFOV. Unresolved targets are

therefore of the "star" type - point sources.

One matter which should be addressed here is the meaning

of the word "detection" in the present discussion. It is

understood here to mean the perception of in object such that

* somethii.g about the object causes the observer to regard it

with suspicion as unnatural or man-made. When an object is

thus detected it comes under more concentrated scrutiny. This

is to be distinguished from the instance of just being able

to discern that something is different from its immediate back-

ground - i.e. just to "see" it or "detect" it in a strict

sense. Other cues must also trigger the suspicion response,

such as regular shape, movement, or significantly greater

thermal contrast with the average background than is true

for most objects in the background.

2.3 Suppression Requirement For the Resolved Tar~et

Thiermal sensors typically have minimum resolvablc tvLwper-

ature differences on the order of tenths of a degree Centigrade.

This means that scene objects which have temperatures different
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from adjacent objects by as much as one degree can be differen-

tiated from those objects by thermal sensors - "detected" in

the strict sense. Since it is not realistic to require that

camouflage blend thermally to rone degree or less, it is

accepted that the camouflage will in general appear in thermal

images of scenes in which it is present. The requirement,

therefore, centers on controlling those features about the

camouflage which attract attention and cause an observer to

have suspicions about its naturalness.

This step removes any relationship of the camouflage

temperature requirement with sensor performance for the re-

solved target and ties the requirement directly to the back-

ground. As far as camouflage temperature is concerned then the

basic criterion is that:

A camouflaged target must have equivalent black-

body temperatures which fall in the range of

naturally occurring equivalent blackbody tempera-

tures for the background in the vicinity of the

target. More particularly, the camouflaged

target should have temperatures in the range of

those for similarly shaped areas of the back-

ground.

The latter sentence just means that if the camouflage target

has the roundish outline of a tree as seen from above, it

should have temperatures associated with trees in the back-

4round and not those for rocks or bare soil areas of a dif-

ferent shape from the camouflage.

This criterion is fundamental, but not quantitative for

a given season or time of day. It is desired that more quan-
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titative limitations be found as a guide. This was sought in

data for background temperature variation. A reference point

from which to measure specific variation in background temper-

ature is average background temperature. The quantitative

guide for resolved target camouflage is proposed in terms of

a limitation on the difference between camouflage and average

background equivalent blackbody temperatures.

It is convenient to note that air temperature can be

used as an estimate of average actual background temperature.

In the day, transpiration holds foliage temperature at or

below air temperature, while other objects rise above air

temperature due to solar loading. At night, residual solar

heat release may make some objects remain above air tempera-

ture while radiation to the cold sky causes other objects to

fall below air temperature. Thus air temperature lies at an

intermediate point between the extremes of temperature in the

background. Link, in Reference 1, supports this when he says

that air temperature is the "single most important parameter"

for predicting background temperature. It is one simply

measured temperature which immediately produces an estimate of

average background temperature.

The approach to establishing quantitative limits for

camouflage temperature variation from average background was

to locate equivalent blackbudy te!iperature variations in typical

backgrounds, or lacking that, to use actual background varia-

tions from air temperature and reglect the difference between

those and equivalent blackbody temperature variations because

it is understood that the quantitative .esults will in any

case only be an estimate of the actual requirement. Since

natural objects generally have high emissivities, actual =

equivalent blackbody estimate is not too bad though in a more

exact determination this should be taken into account.
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An attempt was made to organize the limited amount of

data found into conditions with similer differences with air

temperature. The categories of bright sun, early evening or

day heavy overcast, and pre-dawn were selected.

Bright Sun
The temperature difference between leaves and air in

mid-day sunlight is up to 20 deg C (Ref. 2, p. 276). In

moderate sun (about 60 mw/cm 2 ), dry soil will have equivalent

blackbody temperature about 20 deg. C warmer than plant leaves

or perhaps 30 deg. C. warmer than air (Ref. 2, p. 282). The

moisture condition of the soil also influences plant leaf tem-

peratures in the sun. Reference 3 shows that well watered

plants have leaf temperatures below air temperature. Squash

plants shown there varied from 4 to 8 deg. C cooler than air

during a diurnal cycle. Other crop foliage temperatures also

remained at or below air temperature fox tests in North Dakota,

Kansas, Nebraska, and Minnesota in the summer.

Equivalent blackbody temperatures were also measured

with a handheld radiometric thermometer (Raytek R2LT) for

various background objects (grass, trees, dry soil, plants) at

Garland, Texas in November, 1981 to obtain a sample of after-

noon temperature variation in bright sun. Objects naturally

in the background (foliage and soil) measured from -1 to +15

deg. C relative to air temperature (soil at the upper end),

Early Evening

For the early evening hours Ref. 2, p. 291 has a figure

with temperatures at 7:00 p.m. derived from infrared imagery

(equivalent blackbody temperatures) which vary from 19 deg. C

to 35 deg. C (160 C variation).
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Pre-Dawn
Early morning pre-dawn data on temperature was found in

tests conducted in September, 1970 at Fort Huachuca, Arizona
about 04:40. Actual contact temperatures on materials there
on two mornings fell within ±2 deg. C of air temperature.

Another early morning test (temperatures measured between 04:00

and 05:00, 5/5/71) showed temperatures varying only ±1 deg. C

from air temperature.

Taking the above rather sparse data and using some judge-

ment, the following set of equivalent blackbody temperature

guidelines for camouflage are proposed for three conditions

(with AT = T - Tavg background) in Table 1.

Table 1. Thermal Suppression Guidelines for Temperature

Condition AT

Bright Sun ±70 C
0

Early Evening ±4 C
or Day Heavy Overcast

Pre-dawn ±20 C

These temperature differences should be regarded in a "rule-
of-thumb" fashion because of the wide variability of the back-

ground temperatures with insolation, wind, moisture, and type

of background. The more correct requirement is still the

basic one of remaining within the thermal variation of the
background in the immediate vicinity of a camouflaged target

as stated earlier.
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2.4 Suppression Requirement for the Unresolved Target

Now for targets situated at ranges greater than the crit-

ical range, the target is unresolved (becomes a point source).

What will be developed here is a set of curves representing the

equivalent blackbody temperature difference between a camou-

flaged target and the average background corresponding to a

50% probability of detection as a function of range beyond the

critical range (where the target becomes a point source). They

are sample curves for two representative target sizes and two

postulated threat systems. The temperature difference variation

with range indicates the threshold at which a viewer sees the

target half the time.

Thermal Suppression Model

For the unresolved target suppression requirement model,

the critical range, Rc, is defined as the range at which the

angle subtended by the target is equal to the threat system IFOV:

Rc=w/IFOV (11)

where

w = target dimension [m]

IFOV = threat system IFOV [rad]

For the purpose of this work, it is assumed that the vertical

and horizontal IFOV's are equal and that the target is square.

At the critical range, a critical temperature, Tc, can be

defined such that a target at this equivalent blackbody temper-

ature can be detected with a specified probability. Using the

small signal approximation Tc is given by
xRc

Tc = SNR • NETD • e c+ Tbk (12)

120



where

Tbk = equivalent blackbody background temperature [K]

SNR = signal to noise ratio required for a specified
target detection probability (P)

a = atmospheric attenuation coefficient [km-r]

NETD = noise equivalent temperature difference of threat
system [K]

SNR for use in (1 2 )was chosen to be that for 50% probability

of detection. That seems to be a proper threshold to define

the camouflage requirement. The method of determining this

SNR was to use the data tabulated by Rosell which appears in

the NVI. model for thermal viewing systems (Ref. 4, p. 20, Table 6)

which was assumed to apply in this case, too. That 50% proba-

bility SNR from the table is 2.8.

This value is thought to be conservative (on the low side)

in this application for a number of reasons. The test situation

yielding data on which the SNR/probability relationship was

based involved several factors tending to permit detection at

lower SNRs than would be expected in the present application.

They are (see Ref. 5):

1) resolved targets were used

2) no search process was involved, the observer knew
that the target was in the center of the field-of-view.

3) the observer had unlimited viewing time for target
detection.

In order to calculate Rc and Tc, it is assumed that

w = 1 m and 2.3 nt

a = 0.1 km- 1

T =300K
bk
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The 2.3 meter width is the standard NATO target size and the

1 meter width corresponds to an estimate of heated area for

typical engine driven electricil generators. Rc in equation (11)

depends on threat system IFOV and Tc in (2) depends on NETD.

These two threat system critical parameters were assumed as

follows for two systems:

IFOV NETD
[mrad] [CC]

Threat System A 0.5 0.2

Threat System B 0.1 0.1

Using Eq. (11) and Eq. (12), the following thermal suppression

model parameters are evaluated:

Rc Tc Target Size
[km] [K] [m2]

Threat System A 2.0 300.68 1 x 1

4.6 300.89 2.3 x 2.3

Threat System B 10.0 300.76 1 x 1

23.0 302.79 2.3 x 2.3

For a target at T0 , the radiant emittance within a

wavelength interval from X, to X2, W1 2 (T c), exceeds the

background radiant emittance, W12(Tbk), by

AW1 2 (TTbk) W1 2 (T) - W12(Tbk) (13)
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For an unresolved target which is at a range R greater than Rc,

AW12(Tc, Tbk) must be increased by a range factor in order to

maintain the 50% detection probability SNR - i.e. to maintain

the irradiance of the threat system as at Rc. This means that

the further the range, the hotter the target can become to give

the same probability of detection (SNR). It may be shown that

the radiant emittance from target and background within the

IFOV in order to maintain this condition is given by

W12(Tbb) = Wl 2 (T c, Tbk)(R/Rc)2exp[a(R-Rc))+W12(Tbk) (14)

where Tbb = the equivalent blackbody temperature of the target

Note that when the target is at a range where it does not fill

the entire IFOV, then the radiant emittance within the IFOV is

due to background plus target. This results in an apparent

temperature (equal to T c) which is less than the effective

blackbody temperature of the target, Tbb.

Eq. (4) is the expression for the radiant emittance of

the target at Tbb such that the detection probability is the
same at any range R_• Rc. By evaluating W1 2 (Tb) versus

range, target temperature, Tbb' can be determined as a function

of range. Figures 1 and 2 present plots of Tbb - T. versus

target detection range for the postulated threat systems A and
B, respectively, for two target sizes. radiant emittances, W1 2 (T),

.:ere calculated for Xv-= 8 p and X 2 = 1411 using a TI-59
calculator program written at Varo solving equation !14). Tbb

was determined from calculated W12(Tbb) values using an iterative

program method written for the TI-59 calculator.
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Figure I

Thrept System A

Tbb = Equivalent Blackbody Temperature of Target

Tbk = Equivalent Blackbody Temperature of Background
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Figure 2
Threat System B

Tbb = Equivalent Blackbody Temperature of Target

Tbk = Equivalent Blackbody Temperature of Background
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The results in Figures 1 and 2 are plotted for a 50% prob-

ability of target detection. Each curve starts at the critical

range where the target fills the IFOV of the threat system.

Points along each curve represent the effective biackbody target

temperature, difference with background temperature, for thres-

hold detection (50% probability) at the corresponding range.

By using thermal camouflage tu reduce target temperature dif-

ference with background, detecticn range is reduced. Ideally

the camouflaged target temperature difference should be reduced

to a point which we call the "clutter threshold". k working def-

inition for the clutter threshold is the maximum positive and

negative equivalent blackbody temperature difference with

average background which is present in a given scene. The nega-

tive difference is also significant because targets are essen-

tially equally detectable if they are equally colder or hotter than

the background.

The environmental conditions discussed in Table 1 of Section 2.3 in-

dicate that the clutter threshold may vary from two to seven

degrees above or below average background. Once the apparent

target temperature difference with ambient is reduced to the

clutter threshold using camouflage, the unresolved target has

the same detection probability as other objects in the scene

at the clutter threshold temperature. Therefore, the thermal

suppression goal for the unresolved target is to reduce the

apparent target temperature difference with average background

temperature to the clutter threshold or below. For a clutter

threshold temperature less than the critical temperature, the

thermal suppression requirement is that the camouflaged target

temperature difference with average background be at or below

the critical temperature. The latter case is expected to be

rare.
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By scaling off Figure 7 of that MIL spec, it is possible

to get the dimensions of smaller pattern lobes. A sample of di-
mensions so measured are (in inches): 18, 15, 16, 30, 14, 8, 8, 8,

13, for an average of about 14 inches.

According to the Guide to Camouflage for DARCOM Equipment

Developers (29 April, 1978) page 36, the human eye has an angular

resolution of about 0.3 - 0.9 mr. Attempting to make a general-

ization from this take the ratio of lobe dimension to eye res-

olution (using an average of 0.6 mr),

lobe dim = 14"/0.5 mr = 23"/mr
eye res.

That however, leads to a criterion of lobe dimension for a

tenth mr resolution thermal imager of 2-3 inches. That seents

excessively small from a common sense viewpoint.

There are perhaps two factors which would indicate a

larger pattern size for the thermal-region. First is the range

at which eyes operate vs. the normal range for a thermal imager.

Patterning for the eye at 300 meters is one thing but patterning

for :tn imaqer at 1000m should be another. That may suggest a

factor of three increase in thermal lobe size beyond the 23"/

mr visual criterion. Secondly, the richness of contrast and

colors available to the eye in a visual scene is a force toward

greater patterning for visual camouflage. In the thermal

imaging system, however, there is ordinarily a monochrome display

and therefore less information than typically available in a

visual display. Subjectively that may be assessed as another

factor of two toward relaxing the size of thermal patterning to

bigger sizes.
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Overall Temperature Requirement

Combining both the resolved and the unresolved target cases

it can be said that a general requirement is that the camouflaged

target equivalent blackbody temperature difference with that of

the average background be in the range indicated in Table 1 -

within two to seven degrees C of the average background depending

on environmental conditions.

It should be pointed out that camouflage measures which

do not succeed in achieving those difference levels are not

necessarily of no utility, because any reduction in temperature

results in a reduced detection range which is of some benefit.

If camouflage measure-of-effectiveness is some function of de-

tection range reduction due to camouflage, then particularly

at longer ralAges, Figures 1 and 2 provide a framework in which

to evaluate that measure-of-effectiveness.

3.0 THERMAL PATTERN DISRUPTION

Assuming that the thermal camouflage measures applied to

a particular target have brought its overall temperatures into

the range of those in the background, there remains the problem

of shape and pattern. Though the target may have equivalentU
blackbody temperatures which fall in the range of those in the

background, the target may be square or have a uniform temper-

ature across its extent whereas nothing in the background looks

like that to the observer. Thus it attracts his attention and

is detected. This is just to say that more than temperature

control is necessary to avoid detection in the resolved case.

For unresolved targets of course, patterning on the target is not

at all a factor.

One source of information about patterning of camouflage

is visual camouflage. Visual patterning is described in

Mil-C-52771A (M2) 23 February, 1976, for the lightweight synthetic

camouflage s ,1.
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Considering a ground imager operating at a range of 1000

meters with a resolution of 0.2 mr, the lobe dimension for camou-

flkge would be (using the visual criterion of 23"/mr moderated

with the factor of six for range and color difference between

Aisual and thermal) 23" x 0.2 x 6 = 27 inches.

Another estimate can be arrived at by considering a 0.1

mr thermal imager operating at a range of 1500 meters aerial.

That suggests a range of (1500/300) x 2 x 23 inches/mr x (0.1 mr)

23 inches.

Some examples of good nighttime thermal imaging were

also examined to note the apparent sizes of background patterns.

A thermal picture of a wooded area (Chambers Brotner's Sand in

Garland, Texas) taken with an RS310D on 8/76 shows lobes in

trees and bushes which are about 14 inches (taking the width

of a trailer bed in the image as eight feet and scaling other

features). Another thermal image in the winter, this time

at Fort Sill, OK, with the same imaging system shows details

in the tree limbs which scale in a similar way to about 17

inchss.

,"•ki:,1 g an average of all of the above estimates get lobe
dim-enslci af;

(14 + 17 + 27 + 23)/4 = 20 inches

C trefore, it is proposed that the size of lobes in

camouflage pattern for the thermal perfusion screen should be

about 20 inches. Larger sections would oE course be put

togetn'cr `n oatterning but the smaller lobes should be on the

order of 20 inches.
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One observation on patterning which stems from examination

of the thermal imagery from Chambers Sand and Fort Sill taken

with the RS310D sensor system is that the patterns in a foliated

background condition are associated with trees and bushes
macroscopically. The whole tree forms a roundish pattern. Grassy
background nakes a more uniform thermal radiance area with less
contrast. However, in the winter imagery, trees have a distinct
warm pattern at night when the major limbs are resolved. Radial

lines then form a network emanating from the center except in

cases in which the sensor was looking forward when the tree is
seen from an oblique view, rather than strictly from the top.
It is probable that an attempt to create that sort of pattern

thermally with a screen will be quite difficult. The winter
condition in a wooded area may present special difficulties

when the target is resolved.

4.r% ANGULAR COVERAGE REQUIREMENT
This section addresses the problem of defining the ang-

ular coveraqe of a target which thermal camouflage needs to pro-

vide ir, order to adequately hide.

Thermal ,iewers of different types taken as a set are

capable of observing a target from all angles in a hemisphere.

Sensor systems oi-erating from a ground position present the
potential of viewing the camouflaged target along horizontal

lines-of-sight while airborne and satellite sensors can operate

at all other angles. Therefore, from this consideration alone,

camouflage in the thermal spectrum needs to offer full hemispheric

coverage (all azimuth angles and from 0 to 90 degrees from the
vertical in elevation).

i30



However, in many geographic areas, terrain masking alle-

viates that requirement. That is to say, if terrain features are

interposed between the sensor and the camouflaged target for some

angles of view, then those angles of view necd not be covered by

the camouflage.

In an attempt to examine terrain masking, a curve (Fig.

6-11) in reference 6 on terrain masking at various ranges and obser-

ver heights, was used. It gives the probability of clear line-of-

sight from the observer position at different heights above the

target as a function of range from observer to target at Grafenwaehr,

Germany. This is taken to be representative of terrains of interest.

The target was a 7 foot rod (top of the rod assumed to be the actual

point sighted on). This data was replotted to give the probability

of a clear line-of-sight for a constant range as a function of ele-

vation angle above the horizontal (Figure 3). It suggests that as

observation range gets smaller the probability of clear line-of-

sight improves for the same observation angle. That probably re-

flects the diminished likelihood of having masking features on a

given line-of-sight as the range is decreased. (Density of trees

and hills is a constant so one expects fewer of them on a shorter

line segment).

It is thought that a 1000 meter range criterion for thermal

camouflage is reasonable for requiring angular concealment per-

formance. If that is acceptable, then an angular coverage down

to five degrees of the horizontal would offer a probability of

masking (1 - clear LOS probability) of about .75 from Figure 3.

If, however, the range must be as close as 500m to the camouflaged

target from the observer sensor thermal system, then the coverage

has to go essentially to the ground (90 degrees from vertical)

because masking may not be relied upon to afford much protection.

For 75% probability of masking the figure suggests the angle would

have to be about one degree above the horizontal - corresponding

to virtually hemispheric coverage.
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It can be observed in addition that azimuthal considera-

tions might make it desirable to execute a full to-the-ground

coverage for most azimuth angles, but relax the elevation coverage

at one or two angles (of azimuth) pointing away from the FEBA

where less risk of observation may be anticipated.

5.0 REQUIREMENTS SUMMARY

The integrated results of the foregoing analysis is pre-

sented here. Although it is qualitative, the most exact thermal

requirement for camouflage is that the equivalent blackbody tem-

perature of the camouflage fall within the naturally occurring

range of the background. That holds generally tLrne Loth for

cases in which the target is resolved (several resolution ele-

ments across the target) and for the unresolved target case

(point sources). In the latter case the analysis shows that

this may be too restrictive, but the camouflarer cannot be

expected to know how far away the threat sensor will be and

Fo must treat for the worst case.

It is proposed quantitatively that camouflage equivalent

blackbody temperatures need to be within from ±2 to ±7*C of

average background temperature, depending on the environmental

condition. These kind of numbers are to be taken only as guidance -

not absolute requirements - because of the variability of the

background for different environments and location.

It is interesting to note that the unresolved target analysis

polnts out the possibility of achieving long range detcction

avoidance without the necessity of reducing target temperatures

as low as the background temperatures.

133



The result of pattern analysis was that thermal patterning
should be on the order of 20 inches (for the smallest lobes in

an irregular pattern.

Angular coverage analysis suggests that terrain masking

effects may permit some relaxation from a full hemispheric
coverage requirement. A one to five degree region above the

horizontal may be frequently masked by terrain so that angular

region does not have to be covered by camouflage.
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ADDENDUM 2

THEWRAL LOAD FOR CAMOUFLAGE

A measure of the thermal perceptibility of a target is the

difference in radiant emittance between the target and the am-

bient. That is translatable to a difference in equivalent

blackbody temperatures. Reducing target surface temperature

difference with ambient is a characterization of the thermal

camouflage task.

Another way to view thermal load is that of the influence

of targets on the temperature of camouflage material. Again,

that basically results from temperature differences of the

target with its ambient, although that is affected by environ-

mental factors and the mode of camouflage application to the

target.

Thermal load coming from these two viewpoints thus centers

on target surface temperature differences with ambient. The

approach taken here was to search out these differences for

a few typical targets which were assumed to be representative

of targets in general. The targets selected were engine

driven electrical generators and a tank.

A particularly useful set of data on a tank (German Leopard 1)

is found in Reference 1. Temperatures were deduced from

AGA 680LW thermal pictures operating in the 8-14m region. Temper-

atures are, therefore, apparently equivalent blackbody temperatures.
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The conclusion was reached that 98% of all pixels from the

picture of a moving Leopard tank in the day were from about -1

to 42 0 C warmer than average background (taken to be 13 0 C from

* air temperatures given). That gives a crude average difference

with background of 21 0 C. Not much of the tank was more than

400C warmer than the background (only 5%) Data from past

* experiments by Varo on diesel driven electric generators shows

the maximum difference with ambient temperature for non-exhaust

surfaces was about 30 0 C (radiator). For skin temperature on top

S near the muffler, the maximum difference with ambient was about

25 0 C. Those were nighttime temperatures.

Data on tank temperature differences due to solar load canI
be obtained froin Reference 2, Appendix A. Those data show

that objects like the toolbox which have little thermal mass
actually heat up worst of all, exhibiting temperatures in the
sun about 331C warmer than air. Armor surfaces showed tem-

peratures about 15 to 20 0 C warmer than air.

Combining the above data together, it is proposed that a

generalized target with the following maximum surface temper-

- ature differences with ambient be used for a working defini-

tion of thermal load:

Daytime 30-40 0 C

Night 25-30 0 C
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